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Upconversion phosphor materials have attracted considerable attention in 
recent years for their potential applications in a wide range of fields, including 
three-dimensional displays technologies, bio-imaging and photovoltaics. This 
dissertation aims to develop novel lanthanide-doped upconversion luminescent 
nanomaterials by using wet chemistry methods. Considerable efforts have 
been devoted to manipulating the optical properties of the synthesized 
lanthanide-doped nanoparticles under excitation of different wavelengths, for 
example, 808, 980 and 1532 nm. 
 In the first research work, a novel core-shell-shell design has been 
developed for finely tuning of energy migration upconversion of activators 
without long-lived mediated states, such as Eu3+ and Tb3+ upon excitation at 
808 nm by using Nd3+ as sensitizer. Exquisite control the composition of each 
layer gives rise to maximized upconversion emissions of the activators. For 
example, with the use of core layer for energy harvesting (NaGdF4:Yb/Nd, 
active core), the optimal doping concentrations of Eu3+ and Tb3+ is fixed to 15 
and 15 mol%, respectively. In contrast, active shell can also provide access to 
strong upconversion of Eu3+ and Tb3+ by doping Nd (40 mol%) into the 
outmost layer. Note that the effect of active shell is much stronger than active 
core in generating upconversion emissions of Eu3+ and Tb3+. 
 Next, upconversion emission tuning of Er/Tm/Yb-doped NaYF4 
upconversion nanoparticles has been conducted under excitation at 1532 nm. 
The output color of the nanoparticles is tunable by changing the doping levels 
of the lanthanides. With the use of core-shell design, the optical properties of 
the doped nanoparticles can be further optimized, for example, strongest 
upconversion emission was observed for NaYF4:Er(10 mol%)@NaYF4:Er(0.5 
mol%) with a relative emission of green-to-red of 1.2. This work provides a 
new dimension to control the color output of upconversion nanoparticles. It 
should be noted that the emission profiles of upconversion nanoparticles will 
be further enriched by using a combination of different excitation wavelengths. 
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Finally, the orthorhombic-phase K2YF5 nanobelts doped with upconverting 
lanthanide ions (Er3+ and Tm3+) were synthesized by using a coprecipitation 
method. The growth kinetics of the nanobelts can be regulated by either 
control of the volume ratio of oleic acid in the synthetic system or period of 
reaction time. It was found that desirable lanthanide-doped K2YF5 nanobelts 
were yielded through the use of long time high-temperature annealing 
treatment (270 oC, 6 h) in the presence of low content of oleic acid. The as-
synthesized lanthanide-doped K2YF5 nanobelts show intense upconversion 
emissions upon excitation at 980 nm. For example, bright yellow emission 
was observed from K2YF5:Yb/Er(18/2 mol%), resulting from weak optical 
transitions of 2H11/2 → 4I15/2 (520 nm) and 4S3/2 → 4I15/2 (540 nm) and a 
dominant transition of 4F9/2 → 4I15/2 (centered at 650 nm) of the doped Er3+. In 
the case of K2YF5:Yb/Tm(30/0.5 mol%) nanobelts, three main emission bands 
centered at 479 (blue), 650 (red) and 800 nm (NIR) corresponding to 1D2 → 
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This chapter presents a literature review on recent research progress in the 
field of lanthanide-doped nanomaterials. The first section has summarized the 
optical properties of lanthanides and photon upconversion mechanism for 
lanthanide-doped upconversion nanostructures, then a brief review has been 
conducted on the synthesis of lanthanide-doped nanoparticles with tunable 
size, composition and morphology, followed by a short introduction on the 
new direction of lanthanide-doped upconversion nanostructure research. This 
part ends with the challenges in the field of lanthanide-doped nanoparticle 
research as well as the objective this thesis. 
1.1 Lanthanides	and	their	optical	properties	
The lanthanides (Ln) are a group of elements consisting of fifteen metallic 
chemical elements from atomic numbers 57 to 71 (La, Ce, Pr, Nd, Pm, Sm, Eu, 
Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu).[1] These fifteen lanthanide elements, along 
with the chemically similar elements scandium (Sc, Z = 21) and yttrium (Y, Z 
= 39), are often named as the rare earth elements (RE).  
1.1.1	Electronic	energy	level	structure	of	lanthanides	
The lanthanide elements resemble each other closely because all lanthanides 
are f-block elements, meaning that they have valence electrons in f orbitals.[1c] 
Formally, the 4f orbitals are gradually filled from 1 to 14 for the elements 
ranging from Ce to Lu. The general electronic configuration of lanthanide 
atoms is usually denoted as [Xe]4fn5d16s2, where [Xe] represents the 
electronic configuration of the noble gas xenon, and n represents the number 
of electrons from 0 to 14 (0 with La to 14 with Lu), respectively.  
The lanthanides are most stable in their +3 oxidation state attained by losing 
three electrons, one from 5d or 4f and two from 6s orbitals. Besides the 
trivalent states, some of them also have an oxidation state of +2 or +4. 
Examples are Ce4+, Sm2+, Eu2+, Tb4+ and Yb2+. A summary of the electronic 
configurations for lanthanide atoms and their common ions is presented in 







Table 1.1 Electronic configurations of lanthanide atoms and their common ions.  
Atomic 
number Name Symbol
Electronic configuration outside the [Xe] core 
Atom Ln3+ Ln4+ Ln2+ 
57 Lanthanum La [Xe]5d16s2 [Xe] 
58 Cerium Ce [Xe]4f15d16s2 [Xe]4f1 [Xe] 
59 Praseodymium Pr [Xe]4f36s2 [Xe]4f2 [Xe]4f1 
60 Neodymium Nd [Xe]4f46s2 [Xe]4f3 [Xe]4f2 [Xe]4f4 
61 Promethium Pm [Xe]4f56s2 [Xe]4f4 
62 Samarium Sm [Xe]4f66s2 [Xe]4f5 [Xe]4f6 
63 Europium Eu [Xe]4f76s2 [Xe]4f6 [Xe]4f7 
64 Gadolinium Gd [Xe]4f75d16s2 [Xe]4f7 
65 Terbium Tb [Xe]4f96s2 [Xe]4f8 [Xe]4f7 
66 Dysprosium Dy [Xe]4f105d16s2 [Xe]4f9 [Xe]4f8 [Xe]4f10 
67 Holmium Ho [Xe]4f116s2 [Xe]4f10 
68 Erbium Er [Xe]4f126s2 [Xe]4f11 
69 Thulium Tm [Xe]4f136s2 [Xe]4f12 [Xe]4f13 
70 Ytterbium Yb [Xe]4f146s2 [Xe]4f13 [Xe]4f14 






The major feature of lanthanide ions derives from different numbers of 4f 
electrons. The ground state electronic configuration is 4fn and the first excited 
state configuration is 4f n-15d.[2] It should be noted that the 4f electrons of 
lanthanides are well shielded from the surroundings by the 5s2 and 5p6 
orbitals.[3] Therefore the electronic transitions within the 4f orbitals are rarely 
influenced by the environment or crystal field.[4] The emission spectra of 
lanthanide compounds are sharp, which are similar to their atomic emission 
profiles. 
The energy levels of 4f orbitals of trivalent lanthanide ions have been 
extensively investigated by Dieke and co-workers.[5] Figure 1.1 shows the 
Dieke diagram in which the energy states were determined experimentally by 
considering the optical spectra of individual ions incorporated into LaCl3 
crystals. The width of the energy state bars gives the order of magnitude of the 
crystal field splitting, which is very small. The Dieke diagram showing Ln3+ 
energy levels is a facile tool for scientists and engineers. Since the 4f electrons 
hardly interact with the environmental electric field the diagram is applicable 
to ions in almost any host lattices. The maximum variation of the energy states 
is very confined and is at most of the order of several hundred cm-1. 
Lanthanide compounds are known for their unique luminescence 
characterized by long life times, large Stokes’ shifts and sharp emission 
profiles.[1] Except for the electronic configurations 4f0 (La3+) and 4f14 (Lu3+), 
all other trivalent lanthanide ions can be luminescent regarding 4f–4f emission 
due to the internal transitions of 4f electrons occurring in the visible region of 
the spectrum.[6] The luminescence emission colors of the Ln(III) originated 
from their intra 4f-4f or inter 5d-4f transitions could cover the entire 
spectrum,[4, 6, 7] ranging from UV (Gd3+) to visible (Pr3+, Sm3+, Eu3+, Tb3+, 
Dy3+, Tm3+), with Pr3+ and Tm3+ being less prominent. Emissions can also 
cover a broad NIR range of the spectrum, such as Pr3+, Nd3+, Ho3+, Er3+ and 








Figure 1.1 Dieke diagram: energy levels of the 2S+1LJ multiplet manifolds of trivalent 






Table 1.2 Most common emissive f-f transitions of Ln3+  
Ln  Transition  λ [nm] 
Pr 1D2 → 3F4 1000 
1D2 → 1G4 1440 
1D2 → 3HJ (J = 4,5) 600, 690 
3P0 → 3HJ (J = 4-6) 490, 545, 615, 640 
3P0 → 3FJ (J = 2-6) 700, 725 
Nd 4F3/2 → 4IJ (J = 9/2-13/2) 900, 1060, 1350 
Sm 4G5/2 → 6HJ (J = 5/2-13/2) 560, 595, 640, 700, 775 
4G5/2 → 6FJ (J = 1/2-9/2) 870, 887, 926, 1010, 1100 
Eu 5D0 → 7FJ ( J = 0-6) 580, 590, 615, 650, 720, 750, 820 
Gd 6P7/2 → 8S7/2 315 
Tb 5D4 → 7FJ ( J = 6-0) 490, 540, 580, 620, 650, 660, 675 
Dy 4F9/2 → 6HJ (J = 15/2-9/2 475, 570, 660, 750 
4I15/2 → 6HJ (J = 15/2-9/2 455, 540, 615, 695 
Ho 5S2 → 5IJ (J = 8, 7) 545, 750 
5F5 → 5IJ (J = 8, 7) 650, 965 
Er 4S3/2 → 4IJ (J = 15/2, 13/2) 545, 850 
4F9/2 → 4I15/2 660 
4IJ (J = 9/2, 13/2) →4I15/2 810, 1540 
Tm 1D2 → 3F4,3H4,3FJ (J = 3, 2) 545, 850 
1G4 → 3H6,3F4,3H5 470, 650, 770 
3H4 → 3H6 800 







Upconversion (UC) luminescence is a typically anti-Stokes process which 
involves the converting of two or more low-energy incident radiation into a 
high-energy photon.[8]  
Upconversion was first proposed by Bloembergen in 1959 with a device 
termed infrared quantum counter.[9] The process was first observed by Auzel 
in 1966.[10] Since then, numerous efforts have been devoted to enriching the 
family of UC materials. There are several mechanisms for photon 
upconversion: excited state absorption (ESA), energy transfer upconversion 
(ETU), photon avalanche (PA), and cooperative energy transfer (CET). 
Several reviews on upconversion mechanism have been published in recent 
years.[8] Figure 1.2 illustrates an overview of the various upconversion 
mechanisms that are possible. The various processes illustrated in this figure 
are briefly described below.  
1.2.1	Excited	State	Absorption	(ESA)	
The mechanism of excited state absorption upconversion is a single ion 
mechanism based on a sequential absorption of two photons. This mechanism 
was first proposed by Bloembergen in 1959.[9] The general energy scheme of 
ESA is shown in Figure 1.2a, involving successive absorption of two photons.  
An electron is excited from the ground state (E0) to metastable intermediate 
state (E1) during the ground state absorption (GSA) process. A second photon 
then promotes this electron from intermediate state (E1) to a higher excited 
state (E2) in optical transition, giving rise to UC emission, when electron 
radiatively decays back to the ground state (E0).  
1.2.2	Energy	Transfer	Upconversion	(ETU)		
ETU mechanism was studied extensively in the mid 1960’s. The pioneering 
contributions of Auzel resulted in the observation of the ATPE effect, which 
was later termed as energy transfer upconversion.[11] Compared with ESA, the 
efficiency of ETU is at least two orders of magnitude higher than ESA. Note 
that in the ETU process two ions participate in producing the upconversion 





responsible for absorption of excitation photons, and the second ion, activator 
(energy acceptor), emits the upconversion emission. First, the sensitizer ion is 
excited to from ground state to excited state by absorbing the excitation energy. 
Second, the sensitizer ion energizes the activator ion to E1 state through a 
nonradiative transfer, and then itself relaxes to the ground level. Third, the 
excited sensitizer transfers another photon to the activator through a second 
nonradiative transfer which excites the activator from E1 to E2. Consequently, 
the upconversion emission happens when the activator ion goes back to the 
ground state. 
1.2.3 Photon	Avalanche	(PA)	
Another upconversion mechanism is photon avalanche which was first 
introduced by Chivian in 1979.[12] In the PA process, after absorption of the 
excitation radiation, an ion is excited. The excitation radiation is usually a 
little bit higher than the absorption transition from the ground state to the 
intermediate states (Figure 1.2c). It goes down to the intermediate state (E2) by 
the cross relaxation (CR) process. Between the E2 state electron and the E0 
state electron the ET can occurs and resulting in the formation of two ions in 
the state E1. One of them absorbs the excitation radiation, and then excited to 
the state E, in where it interacts with E0 state electrons and ET occurs to form 
three E1 electrons. Here, the excitation radiation is resonant with the 
absorption transition from E1 to E. Through repeating the whole steps, the 
number of electrons in the state E is remarkably increased. When the electrons 









Figure 1.2 Schematic representations of three main types of UC processes (a) excited-
state absorption (ESA); (b) energy transfer upconversion (ETU) and (c) photon avalanche
(PA). I and II represent activator and sensitizer, respectively. E0, E1, and E2 represent 
ground state, intermediate, and excited state, respectively. Transitions between energy 
levels are indicated by vertical arrows, and arrows connecting different ions indicate






UC materials commonly consist of a host materials and dopants. The dopant 
ions in the host provide characteristic UC luminescence properties. Selection 
of host materials, dopants, and dopant concentration are essential to obtain a 
highly efficient UC process. A ladder-like arrangement of energy states with 
similar energy gaps is required for upconversion. 
 Ln3+ ions such as Er3+, Tm3+, and Ho3+ best meet the requirements on 
energy state structures for UC activators. Hence they are the most commonly 
employed in current upconversion phosphors.[13] 
1.3.1	Selection	of	host	materials	
The host matrix is one of the most important components of UCNPs 
because the UC efficiency and emission profile depends strongly on the choice 
of the host lattice. Ln3+ ions have narrow emission and absorption bands that 
are very unfavorable for spectral overlap, so the presence of a crystal field 
may aid in efficient energy transfer through providing resonance possibilities. 
The crystal field promotes f-f transition within Ln3+ ion by perturbing the 4f 
wave function. The effect is particularly prominent in host lattice with 
multiple active sites because the probability of effective resonant is higher.[14] 
However, lattice impurities, due to crystal defect, may increase the non-
radiative relaxation rates between the metastable states, thereby reducing the 
UC emission intensity.[15] The presence of host cations (e.g. Na+, Ca2+ and Y3+) 
which have similar ionic radii of Ln3+ ions can reduce the formation of crystal 
defects and lattice stress. 
On the other hand, a good host lattice should also have low phonon energies 
which will minimize non-radiative energy loss (longer life-time for metastable 
levels) and maximize radiative emission. Table 1.3 lists the phonon energies 









Table 1.3 Phonon energies of commonly used host matrices for lanthanide ions 
 
Material  Phonon energy (cm-1) References 
Phosphate glass 1200 [16] 
Silica glass 1100 [16] 
Fluoride glass 550 [16] 
Chalcogenide glass 400 [16] 
Y2O3 550 [17] 
ZrO2 500 [18] 
NaYF4 350 [19] 
LaF3 300 [16] 
LaCl3 240 [16] 
YVO4 890 [20] 
Y2O2S 520 [21] 
GdOCl 500 [22] 






From this table, it is obvious that the heavy halides such as chlorides, 
exhibit low phonon energies of less than 300 cm-1. However, the chlorides are 
hygroscopic and are of limited use. On the other hand, the oxides exhibit high 
chemical stability, but their phonon energies are relatively high and generally 
larger than 500 cm-1 due to the stretching vibration of the host lattice. In 
comparison, fluorides usually exhibit low phonon energies (< 350 cm-1) and 
high chemical stability and thus are the most frequently used host crystals for 
upconversion. As a result, the radiative UC emission intensity in fluorides is 
consequently higher than that in oxide hosts and in most other inorganic 
matrices. For example, it has been reported that the hexagonal phase (β) 
NaYF4:Yb/Er at the dopant compositions of 20% Yb and 2% Er is one of the 
most efficient UC materials under near-infrared excitation. 
1.3.2	Activators	
Upconversion emissions are theoretically expected from most lanthanide 
ions because the upconversion process requires multiple metastable levels 
which can be provided by lanthanide ions.[23] The f-f transitions of lanthanide 
ions are Laporte-forbidden, resulting in low transition probabilities and 
substantially long-lived (up to 0.1 s) excited states.[8b] With the exception of 
La3+, Ce3+, Yb3+, and Lu3+, the lanthanide ions commonly have more than one 
excited 4f energy level. However, to generate practically useful upconversion 
emission, the energy difference between each excited level and its lower-lying 
intermediate level (ground level) should be close enough to facilitate photon 
absorption and energy transfer steps involved in upconversion processes. 
Therefore, many lanthanide ions are not suitable for this type of excitation 
because the lack of appropriate energy level structure.[24] 
Efficient UC emissions can only be generated by very few lanthanide ions, 
such as Er3+, Ho3+ and Tm3+. This is due to the ladder-like arrangement of 
their energy states and good match with commercially available high-power 
diode lasers (Figure 1.3).  For example, the upconversion efficiency of Er3+ is 
particularly high due to the similar energy gap in different energy levels. The 
energy difference in Er3+ between the 4I11/2 and 4I15/2 levels( ～10,350 cm-1) is 





energy levels of 4I15/2, 4I11/2, and 4F7/2 can be used to generate upconversion 
emission using 980-nm laser excitation.[25] In addition, the energy difference 
between 4F9/2 and 4I13/2 states is in the same region, and hence, at least three 
different transitions in Er3+ ions are induced by 980-nm laser excitation, thus 
leading to emission of green and red light after the sequential absorption of 
two photons. These upconversion emissions bands, including two green 
emission bands at around 525 nm and 545 nm are corresponding to the 
transitions 2H11/2 → 4I15/2 and 4S3/2 → 4I15/2, respectively, and a red emission 
band at around 652 nm is originating from the transition 4F9/2 → 4I15/2. The 
Ho3+ ions have two main upconversion emission bands of emission at 541 
(green) and 647 nm (red), which are originating from the transitions 5S2/5F4 → 
5I8 and 5F5 →5I8, respectively.[26] The main upconversion emission band of the 
Tm3+ ions is in the near infrared (NIR) range at around 800 nm, corresponding 
to the transition 3H4 → 3H6. In addition, Tm3+ ions have two less efficient UC 
emission bands at 479 (blue) and 648 nm (red), originating from the 
transitions 1G4 → 3H6 and 1G4 → 3F4, respectively.[26]  
1.3.3	Sensitizer	
In the case of single-doped nanoparticles, the range of useful dopant 
concentrations is severely limited due to the cross-relaxation. High doping 
levels can lead to the quenching of excitation energy. Thus, the concentration 
of activator ions should be kept low and precisely adjusted to avoid the 
quenching effect. But, the low doping levels can lead to low absorption of the 
pump light, resulting in low emission luminescence efficiency.  
To increase the absorption of lanthanide-doped phosphors and enhance the 
upconversion luminescence efficiency, the host material is often additionally 
doped with strongly absorbing ions called sensitizers with a sufficiently large 
absorption cross-section in the NIR region. Certainly, the sensitizer should 
also ensure efficient energy transfer to the activator.[26,27] 
The most widely used sensitizer for Er3+, Ho3+ and Tm3+ is the Yb3+ ion. 
Yb3+ has an extremely simple energy level scheme with only one excited 4f 





excited state (2F5/2) matches well the transition energy between the 4I11/2 and 
4I15/2 and the 4F7/2 and 4I11/2 states of Er3+, thus allowing for efficient energy 
transfer between the Yb3+ and Er3+ ions. The similar principle can be used in 
Tm3+ and Ho3+. These optical characteristics make Yb3+ particularly suitable 
for use as an upconversion sensitizer. Usually, Yb3+ is codoped into the lattice 
at high concentrations (18-20 mol%), while the activator concentration is 









Figure 1.3 Proposed energy-transfer mechanisms showing the upconversion processes in
Yb/Er, Yb/Tm, and Yb/Ho co-doped crystals under 980-nm excitation. The dashed-dotted, 
dashed, dotted, and full arrows represent photon excitation, energy transfer, multiphonon






Development of facile synthetic methods for high-quality lanthanide-doped 
upconversion nanocrystals with controlled composition, crystalline phase, 
shape, and size is crucial in tuning their optical properties and exploring their 
potential applications in diverse fields.[26, 28] Recently, a variety of synthetic 
methods have been developed in order to fabricate high-quality lanthanide-
doped UCNPs, such as the thermal decomposition method,[13c, 29] the co-
precipitation method,[24a, 30] the hydro(solvo)thermal method,[31] and the ionic 
liquids-based synthesis.[32] This section mainly focuses on the most widely 
used co-precipitation method and hydro(solvo)thermal methods, since they 
can offer precise control of the phase, morphology and size of UCNPs.[33]  
1.4.1	Co‐precipitation	method		
The co-precipitation method (oleate route) was developed in 2008 by 
research groups of Zhang and Yan when they devised to synthesize NaYF4 
UCNPs.[34] This synthesis method usually begins with an oleic acid-
octadecene solution comprising of lanthanide-oleate complexes. The 
lanthanide-oleate complexes are excellent precursors for the synthesis of 
UCNPs, which can be prepared by reaction of lanthanide acetate metal salts in 
oleic acid at elevated temperatures (150 oC).[34,35] In the next step, the sodium 
source (NaOH or NaF) and fluoride source (NH4F) were added into the 
reaction system which triggers the formation of nanoparticles via a co-
precipitation reaction. In the research by Yan, the sodium fluoride (NaF) in the 
solid form was used to induce the reaction, which has met limited success 
owing to poor control of the reaction at the solid–liquid interface. In the 
meantime, Zhang et al. used a combined NaOH and NH4F in the methanol 
dispersion as the precipitator, and the reaction rate could be fine controlled. 
This method has proved to be a most successful strategy and been widely used 
by many research groups. The co-precipitation method has been adopted for 
different types fluoride UCNPs. For example, van Veggel et al. prepared 
ultrasmall NaGdF4 nanoparticles (2.5-8.0 nm) by controlling several 
experimental conditions, such as the amount of OA and the reaction time.[36] 





prepared with high crystallinity and narrow size distributions via slightly 
changing the composition of the precursor.[30a, 37] Wang and Liu et al. have 
discovered that the effects of lanthanide doping and precipitator concentration 
can be harnessed to control nanoparticle formation, providing a convenient 
means for synthesizing high quality nanoparticles with minimum attention to 
solvent composition and reaction temperature.[31a, 34c, 35, 38]  
1.4.2	Hydro(solvo)thermal	method		
The hydro(solvo)thermalmethod is a typical solution-based chemical 
synthesis approach in which reactions occur in a sealed environment under 
high pressure and temperature, generally above the critical point of the solvent 
in order to increase the solubility and reactivity of the inorganic substances.[26, 
33a] In a typical synthesis procedure, appropriate reaction precursors (alkali 
metal, rare earth and fluoride), solvents and certain surfactants with functional 
groups are mixed and then heated in the autoclaves.   
NaOH is typical sodium precursors, NH4F, NaF and NH4HF2 are typical 
fluoride precursors, while rare earth chlorides and nitrates are typical rare 
earth precursors. The commonly used surfactants are cetyltrimethylammonium 
bromide (CTAB), ethylenediamine tetraacetic acid (EDTA) and OA. Li’s 
group first reported a liquid-solid-solution (LSS) strategy for synthesizing 
high-quality colloid rare earth fluoride nanoparticles, based on a general phase 
transfer and separation mechanism occurring at the interfaces of the liquid, 
solid, and solution phases during the synthesis.[39] This approach was further 
developed as an effective method to synthesize lanthanide doped-fluoride 
UCNPs.[28d] In 2006, Wang et al. reported a one-pot synthesis of 
polyethylenimine (PEI)-coated NaYF4 nanoparticles doped with lanthanide 
ions via a solvothermal approach.[40] The prepared nanoparticles are water 
soluble and biocompatible directly after production because of the amino 
groups of polyethylenimine capped on the surface of nanoparticles. In 2007, 
Zhao group reported a general solution-based approach for the synthesis of 
uniform nanostructured arrays of sodium rare-earth fluorides β-NaREF4 
through an OA-assisted hydrothermal route. The arrays can be prepared with 





assistance of templates.[41] In 2008, Li et al. developed a facile, user-friendly 
solvothermal-like method for synthesis of high quality lanthanide-doped 
hexagonal-phase NaYF4 nanoparticles without the use of excess fluoride 
reactants in the reactions at high temperature.[42] Their strategy is to convert all 
the reactive fluoride reagents into solid state crystal nuclei before the 
subsequent crystal growth or ripening. Recently, Wang et al. demonstrated the 
dopant-controlled phase and size selective synthesis of NaYF4 nanocrystals by 
hydrothermal reaction.[31a] They reported the simultaneous phase (cubic or 
hexagonal) and size (down to ten nanometres) control of NaYF4:Yb/Er 
nanocrystals through the doping of larger Gd3+ ions at precisely defined 
concentrations.  
1.5 Recent	development	trends	in	UC	nanocrystals	
Researchers believe that higher efficiency and more emission colors could 
be created by utilizing lanthanide doping and new host materials.[43] The most 
efficient upconversion is generally restricted to Er3+, Tm3+ and Ho3+ activators, 
characterized by ladder like arranged energy levels essential for facilitating the 
successive photon absorption and energy transfer steps.[24b] For other 
lanthanide ions, due to the energy mismatch in energy transfer between Yb3+ 
and Eu3+, Tb3+, Sm3+ and Dy3+, it is very difficult to achieve efficient UC 
emission of these ions via conventional approaches by co-doping Yb3+ in 
UCNPs.[13h, 24] To develop more activator and fine tune the upconverting 
emissions color for nanoparticles, Chen and Liu’s group did some excellent 
work.[24, 33a] In 2010, Chen and coworkers synthesized a hexagonal-phase 
NaGdF4 nanocrystal which consists of NaGdF4:Yb/Tm core and NaGdF4:Eu 
shell.[44] By using Yb3+ and Tm3+ in the core as double sensitizers, intense 
upconversion luminescence of Eu3+ in the shells was observed in this core-
shell structure under excitation at 980 nm. They found that the upconversion 
intensity of Eu3+ in core-shell nanocrystal is about one order of magnitude 
higher than the triply-doped core only counterparts. Then Liu and coworkers 
reported a novel design of Gd-lattice-mediated energy transfer process in a 
core-shell structure in 2011, where they proposed a novel upconversion 





sublattice-mediated energy migration, efficient upconverting emissions from 
Tb3+, Eu3+, Dy3+ and Sm3+ in NaGdF4:Tm/Yb@NaGdF4:Ln core–shell 
nanoparticles were obtained (Figure 1.4a-b). This work covered most of the 
visible light range rather than the narrow ranges reported before. This work 
further offered a new strategy of fine tuning of the upconversion emission 
from blue to red.  
Another demonstration of the effect of surface coating on energy migration-
mediated upconversion is that the emissions of those activators with low 
doping concentration (down to 1 mol %) were also observed through a third 
inert NaYF4 shell coating (Figure 1.4 c-e).[24a] This phenomenon demonstrated 
that through the inert layer coating, the energy transfer efficiency between 
Gd3+ and activators can be enhanced significantly as the third layer can 
prevent the energy leakage from the surface Gd lattice. This work further 
offered us a new strategy to fine tune the upconversion emission from blue to 










Figure 1.4 (a) Schematic design of a lanthanide-doped NaGdF4:Yb/Tm@NaGdF4:X core-
shell nanoparticle for EMU (X: activator ion). (b) Proposed energy transfer mechanisms in 
the core-shell nanoparticle. (c) Upconversion emission spectra of the Tb3+-doped core-
shell-shell nanoparticles (d) Comparative spectroscopic studies of the 
NaGdF4:Yb/Tm@NaGdF4:Tb (15%) with NaYF4-coated NaGdF4:Yb/Tm@NaGdF4:Tb 
(5%) nanoparticles. (e) Upconversion emission spectra of the as-prepared 
NaGdF4:Yb/Tm@NaGdF4:Sm and NaGdF4:Yb/Tm@NaGdF4: Sm@NaYF4 nanoparticles. 
(f) Luminescence photographs of representative samples in cyclohexane solution (2 mg 
mL-1) under irradiation of a 980 nm laser. (a and b Adapted from reference [24b], (c-f) 





On the other hand, Yan and Liu et al. believe that a shift in excitation 
wavelength from 980 nm to a more appropriate wavelength, such as 800 nm 
and 1500 nm, which produces a much lower heating effect in tissue and in 
vivo animal imaging, is the next big step in the upconversion field.[24] Recent 
developed 800-nm and 1550-nm laser excited upconverting emissions using 
Nd3+ and Er3+ as sensitizer is of great interest.[23f, 43-45] Shen et al. designed a 
new type of Nd3+/Yb3+/ Er3+(Tm3+) tri-doped core-shell NaYF4 colloidal 
UCNPs. In this tri-doped system, Nd3+ is acted as a sensitizer; while Yb3+ is 
acted as a bridging sensitizer (Figure 1.5a).[45h] Under 800 nm continuous-
wave laser excitation, the energy can transfer from Nd3+→Yb3+→Er3+(Tm3+), 
then the upconversion emission of Er3+(Tm3+) can be obtained. However, the 
emission intensity of Er3+(Tm3+) is very weak in their structure. Xie et al. have 
demonstrated that coating an active shell is an effective way to enhance the 
intensity of Er3+(Tm3+). By doping 20 mol% Nd3+ in the shell layer, the 
upconversion emission intensity of the activators can be markedly enhanced 
(Figure 1.5b-d).[45e] They successfully realized the upconversion emission of 
Er3+, Tm3+, and Ho3+. There are two points to be highlighted here. One is that 
this work significantly minimizes the overheating problem associated with 
conventional 980 nm excitation, the other is that it offers possibility to tune the 
upconversion emissions based on Gd-lattice mediated energy transfer.  
After Nd3+ sensitized 800-nm excitation upconversion system, another 
extensively studied lanthanide ion was Er3+ sensitized 1550-nm excitation UC 
nanomaterials.[46] Compared with 980 nm CW laser, 1550 nm is a wavelength 
which is very close to an optical window (1600 nm-1800 nm) and has much 
lower tissue scattering.[46a] Chu et al. designed Er3+-doped LiYF4 UC 
nanoparticles, which can be excited by 1550 nm CW laser to achieve deeper 
penetration depth in biological tissues.[46b] Their results demonstrated that 










Figure 1.5 (a) Upconversion process of Nd3+→Yb3+→Er3+ (Tm3+) tri-dopants system with 
800 nm excitation. (b) Upconversion emission spectra for NaYF4:Yb/Tm/Nd(30/0.5/1 
mol%) nanoparticles and the corresponding core-shell nanoparticles coated with an inert 
NaYF4 shell or an active NaYF4:Nd(20 mol%) shell. (c) Upconversion emission spectra 
for NaYF4:Yb/Er/Nd(30/0.5/1 mol%) nanoparticles and the corresponding core−shell 
nanoparticles coated with NaYF4 or NaYF4:Nd(20%). (d) Upconversion emission spectra 
for NaYF4:Yb/Ho/Nd(10/1/2 mol%) nanoparticles and the corresponding core−shell 
nanoparticles coated with NaYF4 or NaYF4:Nd(20 mol%). The insets are the 
corresponding luminescence photographs of solutions containing active-shell-coated 
nanoparticles. (e) Spectra profiles of tissue optical window. The extinction coefficient of 
water at 800 nm is about 20 times lower than that at 980 nm (Hb: hemoglobin; HbO2: 






The above review suggests that in order to enhance the upconversion 
luminescence and fine tune the emission color, many works have been done 
by different researchers during the last decades. However, there are still some 
challenges that need to overcome. The Nd3+-sensitized upconversion is limited 
to several activators (e.g. Er3+, Tm3+ and Ho3+). The activators (e.g. Tb3+, Eu3+, 
Sm3+, Dy3+ etc.) without ladder-like energy levels have rarely been exploited 
for multicolour upconversion luminescence under the 800 nm excitation. 
Moreover, fine color tuning for Er3+-doped nanoparticles under 1532-nm laser 
excitation is another challenge. 
Therefore,  the main objective of this study is to develop novel lanthanide-
doped upconversion luminescent nanomaterials which can be excited by 980 
nm, 808 nm and 1532 nm laser. Specifically, this thesis will cover the detailed 
research work in the following chapters. Firstly, fine tuning of energy 
migration-mediated upconversion in Nd3+-doped core-shell-shell nanoparticles 
will be presented in the 2nd chapter. In this section, three models of core-shell-
shell structures nanoparticles, including one active core structure (Model A) 
and two active shell structures (Model B and Model C) will be demonstrated. 
The upconversion emissions properties of Eu3+, Tb3+, Sm3+ and Dy3+ in the 
core-shell-shell nanoparticles will be studied under 808-nm CW laser 
excitation. Then, in Chapter 3 the optical properties of Er3+-doped core and 
core-shell nanoparticles under 1532-nm laser excitation will be studied. In the 
4th chapter, I will introduce a novel fluoride host K2YF5 nanocrystals. The 
monodisperse, regular-shaped and well-crystallized nanocrystals of 
lanthanide-doped K2YF5 with diverse shapes and structures will be 
synthesized in high boiling organic solvents oleic acid and 1-octadecene 
through a competitive nucleation and growth pathway. The upconversion 
emission of the obtained lanthanide-doped K2YF5 nanocrystals will be studied 
under excitation with irradiation of 980 nm. Finally, the conclusion and future 
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Photon upconversion in lanthanide-doped nanoparticles offers a variety of 
promising features including narrow emission bandwidth, low 
autofluorescence, large Stokes shift and high resistance to photo-bleaching and 
photo-blinking.[1] These attributes make the upconversion nanoparticles ideal 
alternative to the conventional biomarkers (e.g. organic dye and quantum dots) 
in biological imaging, bio-detection and theranostics applications.[1b, 1d, 2] 
These potential applications prompt us to synthesize highly bright 
upconversion nanoparticles with desirable size, surface functions and tunable 
emissions. In the past years, considerable efforts have been devoted to 
synthesis, core-shell structure construction, optical tuning and surface 
functionalization of upconversion nanoparticles.[1d, 3] Although great 
achievements have been made, the further progress of upconversion 
nanoparticles in biomedical applications is limited by the overheating effect, 
which is caused by the 980 nm excitation laser source.[4] To minimize this 
problem, shifting the excitation wavelength of upconversion luminescence to 
‘biological window’ is one effective way.[5] One early fascinating example 
was demonstrated by Andersson-Engels and colleagues employed a 915 nm 
laser to excite NaYbF4:Tm/Er/Ho upconversion nanoparticles for in vitro and 
in vivo deep tissue bioimaging.[6] They showed that the use of 915 nm laser 
could greatly minimize the overheating concern. Superior to 915 nm excitation, 
the use of 800 nm excitation is located within the ‘biological window’ and 
exhibits a minimum absorbance for all biomolecules and  aqueous molecules. 
However, conventional Yb3+-sensitized upconversion nanoparticles are hardly 
excited by an 800 nm laser. To solve this problem, the first demonstration on 
800 nm-activated upconversion luminescence was reported by Zou et al. who 
introduced carboxylic acid-modified cyanine dye molecules onto the surface 
of NaYF4 nanoparticles codoped with Yb3+ and Er3+ ions.[7] Unfortunately, the 
use of this technique suffers from the relatively low energy transfer efficiency 
between dye and nanoparticles. Furthermore, poor biological stability and 
photostability of the organic dye-sensitized nanoparticles hamper their 
biological applications. In a set of parallel experiments, Nd3+-sensitized 





using Nd3+ as a harvester, the 800 nm excitation light could be efficiently 
absorbed and delivered to activators through successive Yb3+-bridged energy 
transfer steps. Through a series of core-shell design and optimization of 
dopant combination and concentration, a bright upconversion luminescence 
could be realized in Nd3+-sensitized nanoparticles under the 800 nm excitation, 
which was comparable to the Yb3+-sensitized counterparts under the 980 nm 
excitation.[5b] Along with the minimized overheating effect and deep tissue 
penetration capability of 800 nm excitation laser, these Nd3+-sensitized 
nanoparticles has become an ideal bio-probes for cellular labelling, in vivo 
imaging and theranostics.[4, 5, 8] Despite advances, the Nd3+-sensitized 
upconversion is limited to several activators (e.g. Er3+, Tm3+ and Ho3+). The 
activators (e.g. Tb3+, Eu3+, Sm3+, Dy3+ etc.) without ladder-like energy levels 
have rarely been exploited for multicolour upconversion luminescence under 
the 800 nm excitation.[3a, 5c, 5e, 5j, 8, 9]  
In this chapter, we describe the rational design and synthesis of a series of 
Gd-based core-shell-shell nanoparticles, in which Nd3+, Yb3+ and activators 
(e.g. Tb3+, Eu3+, Sm3+ and Dy3+) are separately incorporated into different 
layers. By deliberately optimizing the design of the core-shell structure and 
dopant combination/concentration, the as-synthesized nanoparticles show 
bright upconversion luminescence with tunable color output under the 808 nm 
excitation. 
In this study, three types of core-shell-shell structures for Nd3+-sensitized 
energy migration-mediated upconversion are demonstrated as shown in Figure 
2.1. In the Model A (active-core) design (Figure 2.1a), under the 808 nm 
excitation, the excitation energy is first harvested by the Nd3+ ions in the core 
and then transferred to Yb3+ ions in the first shell. Through successive energy 
transfer between neighboring Yb3+, photon upconversion process occurs in 
Yb/Tm pair in the first shell layer. Subsequently, Gd ions bridge the energy 
transfer from Tm3+ to the activators (Eu3+, Tb3+, Sm3+ and Dy3+) in the second 
shell via long distance energy migration process in the Gd sub-lattice. As a 
consequence, upconversion luminescence is realized. In Model B and C 





were doped in the core and first shell of the nanoparticles, respectively. The 
sensitizer Nd3+ was doped in the second shell layer. The energy transfer 
pathway is similar with the Model A. The excitation energy is first harvested 
by Nd3+ in the outmost shell and finally transferred to the activators in the core 
or inner shell through successive energy migration with assistance of two 
energy migration process in Yb sub-lattice and Gd sub-lattice. In this study, 
the optimization of dopants combination/concentration in each layer in the 
core-shell-shell nanostructure is systematically investigated for maximum 808 








Figure 2.1 Schematic design of the core-shell-shell nanoparticles for photon upconversion 
under 800 nm excitation: (a) Active core structure (Model A): 
NaGdF4:Nd/Yb@NaGdF4:Yb/Tm@NaGdF4:X. (b) Active shell structure (Model B): 
NaGdF4:Yb/Tm@NaGdF4:Yb/X@NaYF4:Nd. (c) Active shell structure (Model C): 







Gadolinium(III) acetate hydrate (99.9%), yttrium(III) acetate hydrate 
(99.9%), neodymium(III) acetate hydrate (99.9%), ytterbium(III) acetate 
hydrate (99.9%), thulium acetate hydrate (99.9%), terbium(III) acetate hydrate 
(99.9%), europium(III) acetate hydrate (99.9%), samarium(III) acetate hydrate 
(99.9%), dysprosium(III) acetate hydrate (99.9%), sodium hydroxide 
(NaOH; >98%), lithium hydroxide (LiOH; >98%), ammonium fluoride 
(NH4F; >98%), 1-octadecene (90%), oleic acid (90%), were all purchased 
from Sigma-Aldrich. All chemicals were used as received without further 
purification. 
2.2.2 Physical	measurements		
Low-resolution transmission electron microscopy (TEM) images were taken 
on a JEOL-1400 transmission electron microscope (JEOL) operating at an 
acceleration voltage of 100 kV. Powder X-ray diffraction (XRD) data was 
obtained on a Siemens D5005 X-ray diffractometer with Cu Kα radiation (λ = 
1.5406 Å). The upconversion luminescence spectra were recorded in an 
Edinburgh FSP920 equipped with a photomultiplier (PMT), in conjunction 
with 808 nm diode laser. The lifetime measurement was conducted using a 
phosphorescence lifetime spectrometer (FSP920, Edinburgh) equipped with a 
microsecond flash lamp as the excitation source.  
2.2.3 Synthesis	of	NaGdF4:Yb/Nd	core	nanoparticles		
In a typical procedure for the synthesis of NaGdF4:Yb/Tm/Nd 
nanoparticles,[10] 2 mL of aqueous solution containing Ln(CH3CO2)3 (0.2 M, 
Ln = Gd, Yb, Tm and Nd) was added to a 50 mL flask containing 4 mL of 
oleic acid. The mixture was heated at 150 oC for 30 min to remove the  
aqueous content from the solution completely. The mixture was further kept at 
150 oC for another 30 min after the addition of 1-octadecene (6 mL) to remove 
the volatile component in the mixture. After the resulting mixture was cooled 





and NaOH (2 mL,1 mmol) was added and the resultant solution was stirred for 
120 min. After the methanol was evaporated, the solution was heated to 290 
oC under argon for 1.5 h and then cooled down to room temperature. The 
resulting nanoparticles were precipitated by ethanol, collected by 
centrifugation at 5000 rpm for 5 min, washed with ethanol several times, and 
re-dispersed in 4 mL of cyclohexane. 
2.2.4 Synthesis	of	Li+‐doped	NaGdF4:Yb/Nd	core	nanoparticles		
In a typical procedure for the synthesis of NaGdF4:Yb//Nd/Li nanoparticles, 
2 mL of aqueous solution containing Ln(CH3CO2)3(0.2 M, Ln = Gd, Yb and 
Nd) was added to a 50 mL flask containing 4 mL of oleic acid. The mixture 
was heated at 150 oC for 30 min to remove the  aqueous content from the 
solution completely. The mixture was further kept at 150 oC for another 30 
min. Then 6 mL of 1-octadecene was added. After the resulting mixture was 
cooled down to 50 oC, another mixed methanol solution containing NH4F 
(1.36 mmol), NaOH (0.95 mmol) and LiOH (0.05 mmol) was added and the 
resultant solution was stirred for 120 min. After the methanol was evaporated, 
the solution was heated to 290 oC under argon for 1.5 h and then cooled down 
to room temperature. The resulting nanoparticles were precipitated by addition 
of ethanol, collected by centrifugation at 5000 rpm for 5 min, washed with 
ethanol several times, and re-dispersed in 4 mL of cyclohexane. 
2.2.5 Synthesis	 of	 NaGdF4:Yb/Nd@NaGdF4:Yb/Tm	 core‐shell	
nanoparticles		
The NaGdF4:Yb/Tm shell precursor was first prepared by mixing 2 mL of 
Ln(CH3CO2)3 (0.2 M, X = Gd, Yb, and Tm)  aqueous solution and 4 mL of 
oleic acid in a 50 mL flask. Then the resulting mixture was heated at 150 oC 
for 30 min. Then 1-octadecene (6 mL) was added and the mixed solution was 
kept at 150 oC for another 30 min before cooling down to 50 oC. Subsequently, 
NaGdF4:Yb/Nd core nanoparticles dispersed in 4 mL of cyclohexane were 
added along with methanol solution containing NH4F (1.36 mmol) and NaOH 
(1 mmol). Then the resulting mixture was stirred at 50 oC for 30 min. After 









The NaGdF4:Yb/X (X= Tb, Eu, Sm and Dy) shell precursor was first 
prepared similar to the synthesis of other nanoparticles. Typically, 2 mL of 
Ln(CH3CO2)3 (0.2 M, Ln = Gd, Yb and X) aqueous solution and 4 mL of oleic 
acid were added into a 50 mL flask. The mixture was heated at 150 oC for 30 
min to remove aqueous from the system. And then the system was further kept 
at 150 oC for another 30 min after the addition of 1-octadecene (6 mL). 
Afterwards, the mixture was cooled down to 50 oC. NaGdF4:Yb/Tm core 
nanoparticles dispersed in 4 mL of cyclohexane along with a 5.4-mL of NH4F 
(1.36 mmol) and NaOH (1 mmol) methanol solution were added into the 
reaction system. Subsequently, the resulting mixture was kept at 50 oC for 30 
min. And then the solution was heated to 280 oC under argon and kept at this 
temperature for 2 h. The resulting nanoparticles were precipitated by addition 
of ethanol, collected by centrifugation at 5000 rpm for 5 min, washed with 
ethanol several times, and re-dispersed in 4 mL of cyclohexane. 
2.2.7 Synthesis	of	NaGdF4:Nd/Yb@NaGdF4:Yb/Tm@NaGdF4:X(X	=	
Tb,	Eu,	Sm	or	Dy)	core‐shell‐shell	nanoparticles		
The NaGdF4:X (X = Tb, Eu, Sm or Dy) shell precursor was first prepared 
by mixing 2-mL of Ln(CH3CO2)3 (Ln = Gd and X) (0.2 M)  aqueous solution 
and 4 mL of oleic acid in a 50-mL flask. And then the mixture was heated at 
150 oC for 30 min. Subsequently, 6 mL of 1-octadecene was added. The 
resulting solution was kept at 150 oC for another 30 min. After that, 
NaGdF4:Nd/Yb @NaGdF4:Yb/Tm core-shell nanoparticles dispersed in 2 mL 
of cyclohexane were added along with a 5.4-mL of NH4F (1.36 mmol) and 
NaOH (1 mmol) methanol solution. The resulting mixture was kept at 50 oC 
for 30 min. After evaporation of low boiling temperature solvent, the solution 
was kept at 280 oC under argon for 2 h before the reaction system was cooled 





addition of ethanol, collected by centrifugation at 5000 rpm for 5 min, washed 
with ethanol several times, and re-dispersed in 4 mL of cyclohexane. 
2.2.8 Synthesis	of	NaGdF4:X@NaGdF4:Yb/Tm@NaYF4:Nd(X	=	Tb,	Eu,	
Sm	or	Dy)	core‐shell‐shell	nanoparticles		
The NaGdF4:Nd shell precursor was first prepared by mixing 2 mL of 
Ln(CH3CO2)3 (Ln = Gd and Tb , Eu , Sm or Dy (0.2 M)  aqueous solution and 
4 mL of oleic acid in a 50 mL flask followed by keeping at 150 oC for 30 min. 
The mixed solution was then kept at 150 oC for another 30 min after the 
addition of 1-octadecene (6 mL). Subsequently, NaGdF4:X@NaGdF4:Yb/Tm 
core-shell nanoparticles dispersed in 2 mL of cyclohexane were added along 
with a 5.4 mL of methanol solution containing NH4F (1.36 mmol) and NaOH 
(1 mmol). The resulting mixture was kept stirring at 50 oC for 30 min. Finally, 
the solution was kept at 280 oC under argon for 2 h before the reaction system 
was cooled down to room temperature. The resulting nanoparticles were 
precipitated by addition of ethanol, collected by centrifugation at 5000 rpm for 




In a typical synthetic procedure, the NaGdF4:Nd/Yb core was firstly 
prepared by a co-precipitation method. Subsequently, NaGdF4:Nd/Yb@ 
NaGdF4:Yb/Tm core-shell and NaGdF4:Nd/Yb@NaGdF4:Yb/Tm@ 
NaGdF4:X core-shell-shell nanoparticles were synthesized through an 
epitaxial growth process (Figure 2.2a). Notably, the layer-by-layer growth 
process has also been extensively investigated by the groups of van Veggel,[3b, 
11] Yan,[12] Zhang[13] and Wang et al.[3a, 9, 10] The as-synthesized multi-shell 
nanoparticles were then examined by TEM (Figure 2.2b-g) and XRD (Figure 
2.3) studies. Figure 2.2b-g show typical TEM images of the as-prepared multi-
shell nanoparticles. As shown in Figure 2.2 b, the average diameter of the 
NaGdF4:Nd/Yb core nanoparticles was 9.7 nm with a standard derivation of ± 





diameter of the NaGdF4:Yb/Nd@NaGdF4:Yb/Tm core-shell nanoparticles was 
17.3 nm with a standard derivation of ± 1.1 nm (Figure 2.2d-e), suggesting 
that the first shell thickness is around 3.8 nm. Similarly, the average diameter 
of the NaGdF4:Yb/Nd@NaGdF4:Yb/Tm@NaGdF4:Eu core-shell-shell 
nanoparticles was estimated to 24.9 nm with a standard derivation of ± 1.3 nm 
(Figure 2.2f-g).  
Figure 2.3a shows the X-ray diffraction pattern of the NaGdF4:Yb/Nd(15/15 
mol%) nanocrystals. A large number of intense diffraction peaks for different 
2θ values around 16.93, 29.65, 30.37, 34.39, 39.12, 42.97, 46.03, 52.6, 53.05, 
60.37, corresponding to the diffraction from the (100), (110), (101), (200), 
(111), (201), (210), (211), (102), (112) planes respectively have been observed. 
The peak positions and intensities of these nanocrystals agree well with the 
hexagonal NaGdF4 crystal (line pattern in the lower part of Figure 2.3a; Joint 
Committee on Powder Diffraction Standards file number PDF 27-0699). 
Combined with TEM results, the as-prepared particles were confirmed to be 
single crystal. 
The room-temperature absorption spectra of NaGdF4:Nd(x mol%)@ 
NaGdF4:Yb/Tm(49/1 mol%) (x = 0 or 20) core-shell nanocrystals was also 
investigated. As shown in Figure 2.3b, the nanoparticles doped with 20 mol% 
Nd3+ have a strong absorption at ~795 nm compared to the nanoparticles 








Figure 2.2 (a) Schematic presentation showing the synthetic process for multi-shell 
nanoparticles. TEM images and the corresponding size histograms of (b,c) 
NaGdF4:Yb/Nd(15/15 mol%) core nanoparticles; (d,e) NaGdF4:Yb/Nd(15/15 
mol%)@NaGdF4:Yb/Tm(49/1 mol%) core-shell nanoparticles; (f,g) 











Figure 2.3 (a) XRD patterns of NaGdF4:Nd/Yb(15/15 mol%) nanocrystals. The diffraction 
pattern at the bottom is the literature reference for hexagonal NaGdF4 crystal (Joint 
Committee on Powder Diffraction Standards file number 27-0699). (b) Absorption 








In the model A (active core), the sensitizer (Nd3+) was doped in the core of 
the nanoparticles to harvest the incident light. The Yb3+/Tm3+ pair and the 
activators (Eu3+, Tb3+, Sm3+ and Dy3+) were doped in the 1st shell and the 2nd 
shell of the nanoparticles, respectively. 
2.3.2.1 Nd3+	 dopant	 concentration	 optimization	 in	 the	 core	 	 of	
nanoparticles		
Upconversion emission intensity depends strongly on the dopant 
combination and concentrations. To optimize the energy harvesting efficiency 
of Nd3+ in the core, a series of NaGdF4@NaGdF4@NaYF4 core-shell-shell 
nanoparticles with varied doping concentration of Nd3+ (0, 5, 15 and 20 mol%) 
in the core were fabricated and studied to optimize their optical properties. 
Firstly, Nd3+ doping concentration were varied while Yb and Tm dopant 
concentration in the first shell was fixed at 49 and 1 mol%, respectively.  
Figure 2.4a presents the emission spectra of the as-prepared NaGdF4:Nd(x 
mol%) (x = 0, 5, 15, 20)@NaGdF4:Yb/Tm (49/1 mol%)@NaYF4 with varying 
the Nd doping concentration. The nanoparticles doped with Nd3+ shows three 
distinctive emission peaks for Tm3+ emissions at 450, 474 and 646 nm, which 
can be attributed to 1D2 → 3F4, 1G4 → 3H6 and 1G4 → 3F4 transitions, 
respectively. In stark contrast, no upconversion emission could be observed 
for the nanoparticles without Nd3+ dopant. That suggested that Nd3+ is 
essential to realize the upconversion emission of Tm3+ under the excitation of 
a 808 nm laser. As portrayed in Figure 2.4b, Nd3+ ions first absorbed photons 
at 808 nm, and then Yb3+ ions bridged the energy transfer from the Nd3+ ions 
to the emitters of Tm3+. As a result, the upconversion luminescence could be 
realized. With increasing doping concentration from 0 to 15 mol%, the 
intensity of Tm3+ emission increased gradually as a result of the enhanced 
energy harvesting capability of high Nd3+ content in the core. When the 
doping concentration of Nd3+ in the core was higher than 15 mol%, the 





doping concentration caused significant quenching of activator emission due 
to the cross-relaxation between the doped rare earth ions. Taken together, the 




Figure 2.4 (a) Upconversion emissions of NaGdF4:Nd (x mol%)@NaGdF4:Yb/Tm (49/1 
mol%)@NaYF4 (x = 0, 5 ,15 and 20) core-shell-shell nanoparticles. All of the spectra were 
recorded under excitation by 808-nm CW laser. (b) Energy transfer pathway from Nd3+- to 





2.3.2.2 Yb3+	 dopant	 concentration	 optimization	 in	 the	 core	 	 of	
nanoparticles	
For efficient upconversion to proceed, Yb3+ concentration also plays an 
important role on the energy transfer. We next varied the concentration of 
Yb3+ to optimize the efficiency of energy transfer while the doping 
concentration of Nd3+ was fixed at 15 mol% in the core. Figure 2.5 shows the 
emission spectra of the NaGdF4:Nd/Yb (15/x mol%)@NaGdF4:Yb/Tm (49/1 
mol%)@NaYF4 with varied Yb3+ concentrations. It could be clearly found that 
the Tm3+ emission intensity firstly increased and then decreased with 
increasing Yb3+ concentration in the core. The strongest Tm3+ emissions were 
observed when Yb3+ in the core was 15 mol%. These results further proved the 
essential role of Yb3+ ions in the energy transfer. Thus, we can conclude that 
both concentrations of Nd3+ and Yb3+ in the core nanoparticle should be fixed 
at 15% in the core-shell-shell structure synthesis for optimal upconversion 
luminescence.  
2.3.2.3 The	significance	of	core‐shell‐shell	structure		
It is well known that the codoping of different lanthanide ions in the 
nanocrystals could cause severe cross relaxation and significantly decrease the 
upconversion emission intensity.[14] To overcome this problem, the spatial 
confinement of various dopants in the different layers in a core-shell 
nanostructure could be used to greatly minimize the deleterious cross 
relaxation. Furthermore, the shell coating also could provide an effective 
surface passivation to improve the radiative decay of emitters.[2d, 14] Therefore, 
in this study, the core-shell-shell structure design was explored to ensure the 
efficient energy transfer with minimal adverse cross relaxation among the 
lanthanide dopants. To validate our hypothesis, we synthesized the 
NaGdF4:Nd/Yb/Tm(1/49/1 mol%)@NaGdF4:Eu(5 mol%) core-shell 
nanoparticles and NaGdF4:Nd/Yb(15/15 mol%)@NaGdF4:Yb/Tm(49/1 mol%) 
@NaGdF4:Eu(5 mol%) core-shell-shell nanoparticles. Figure 2.6 shows the 
room temperature photoluminescence of the as-prepared core-shell and core-
shell-shell nanoparticles under the excitation of a 980 nm laser. By 





emission intensity than that of core-shell nnaoparticles. These results further 






Figure 2.5 (a-b) Upconversion emissions of NaGdF4:Nd/Yb(15/x
mol%@NaGdF4:Yb/Tm (49/1 mol%)@NaYF4 (x = 0, 5, 10, 15 and 20) core-shell-
shell nanoparticles and corresponding comparison of the relative emission intensity at
different emission positions. All of the spectra were recorded under excitation by 808-







Figure 2.6 (a-b) Upconversion emissions of NaGdF4:Nd/Yb/Tm(1/49/1 
mol%)@NaGdF4:Eu(5 mol%) core-shell nanoparticles and NaGdF4:Nd/Yb(15/15 
mol%)@NaGdF4:Yb/Tm(49/1 mol%)@NaGdF4:Eu(5 mol%) core-shell-shell 
nanoparticles and corresponding comparison of the relative emission intensity at different 





2.3.2.4 Eu3+	 dopant	 concentration	 optimization	 in	 the	 2nd	 shell	 of	
nanoparticles		
The effect of the doping concentration of Eu3+ in the 2nd shell layer on its 
upconversion emissions was further investigated. On a separate note, the 
concentration of Nd3+ and Yb3+ in the core was both fixed at 15 mol%, while 
the concentrations of Yb3+ and Tm3+ in the first shell were set to 49 mol% and 
1 mol%, respectively. The upconversion emission intensity of Eu3+ in the 2nd 
shell layer was studied as shown in Figure 2.7a. Upon the excitation of a 808 
nm laser, the characteristic peak of Eu3+ ions at 537 nm (5D1→7F1), 556 nm 
(5D1→ 7F2), 592 nm (5D0→ 7F1) and 613 nm (5D0→ 7F2) could be clearly 
observed. With increasing Eu3+ doping concentration in the 2nd shell layer, the 
emission intensity of Eu3+ first increased and then decreased. The optimized 
doping concentration of Eu3+ is estimated to be 5 mol%. 
2.3.2.5 Tb3+	 dopant	 concentration	 optimization	 in	 the	 2nd	 shell	 of	
nanoparticles		
Tb3+ is another kind of attractive activator in energy migration-mediated 
upconversion. The effect of the doping concentration of Tb3+ in the outer shell 
on the emission intensity was also investigated in our study. Similarly, the 
composition of the core and the second layer was the same to that in the study 
of Eu3+ emission. The emission spectra of the NaGdF4:Nd/Yb(15/15 
mol%)@NaGdF4:Yb/Tm (49/1 mol%)@NaGdF4:Tb (x mol%) (x = 2.5, 5, 10, 
15 and 20) core-shell-shell family was presented in Figure 2.7b. As anticipated, 
the upconversion emissions from Tb3+ at 543, 586 and 622 nm were observed, 
which are ascribed to 5D4 → 7F5, 5D4 → 7F4, and 5D4 → 7F3 transitions, 
respectively. The strongest emission was observed with the doping 
concentration of Tb3+ at 5 mol%. 
Using the similar core-shell-shell design, Dy3+ and Sm3+ were also used as 
activators for luminescence study. Unfortunately, a very weak emission was 
observed possibly due to the low energy transfer efficiency and their inherent 









Figure 2.7 (a) Upconversion emissions of NaGdF4:Nd/Yb(15/15 mol%)@NaGdF4: 
Yb/Tm(49/1 mol%)@NaGdF4:Eu(x mol%) (x = 2.5, 5, 10, 15 and 20) core-shell-shell 
nanoparticles. (b) Upconversion emissions of NaGdF4:Nd/Yb(15/15 mol%)@ 
NaGdF4:Yb/Tm(49/1 mol%)@NaGdF4:Tb(x mol%) (x = 2.5, 5, 10, 15 and 20) core-shell-










Figure 2.8 (a) Upconversion emissions of NaGdF4:Nd/Yb(15/15 mol%)@NaGdF4:Yb/Tm 
(49/1 mol%)@NaGdF4:Dy(2.5 mol%) core-shell-shell nanoparticles. (b) Upconversion 
emissions of NaGdF4:Nd/Yb(15/15 mol%)@NaGdF4:Yb/Tm (49/1 mol%) @NaGdF4:Sm 
(2.5 mol%) core-shell-shell nanoparticles. All of the spectra were recorded under 





2.3.2.6 Effect	of	Li+	 ion	doping	on	upconversion	emission	of	Tm3+	 in	 the	
core‐shell‐shell	nanoparticles	
The lanthanide luminescence originates from electronic transitions within 
4fn configurations. In principle, these f-f transitions are parity forbidden. In an 
asymmetric crystal host, the strong interaction between host and lanthanide 
dopant make the f-f transition partially allowed, thus resulting in improved 
luminescence. Therefore, variation of host lattice is an effective way to further 
enhance the UC emissions.[15] Usually, Li+ ion is doped into the host to 
enhance the upconversion emission of Er3+ and Tm3+. This is due to Li+ ion’s 
has the smallest cationic radius, which is supposed to be the best choice for 
their movement and site occupation in the host lattice. Then introduction of 
Li+ can increase the disorder of the lattice symmetry to improve 4f-4f 
transition of activators.[15] In this section, in order to enhance the upconversion 
of Tm3+ in the core-shell-shell structures, Li+ was used to dope into the core 
nanoparticle or the 1st shell layer of nanoparticle.  
5 mol% of Li+ was doped into 1st shell of the core-shell-shell nanoparticles. 
The emission spectra of Li+ ion-doped NaGdF4:Nd/Yb(15/15 mol%)@ 
NaGdF4:Yb/Tm(49/1 mol%)@NaYF4 core-shell-shell nanoparticles were 
presented in Figure 2.9. It could be found that the emission intensity of Tm3+ 
in the shell can be enhanced by 2 times than that without Li+. This result 
further pointed out that the enhancement of the upconversion emission of Tm3+ 









Figure 2.9 (a-b) Upconversion emissions of NaGdF4:Nd/Yb(15/15 
mol%)@NaGdF4:Yb/Tm/Li (49/1/x mol%@NaYF4 (x = 0 and 5) core-shell-shell 
nanoparticles and corresponding comparison of the relative emission intensity at different





2.3.3 Upconversion	 emission	 of	 model	 B	 (active	 shell)	 core-shell-
shell nanoparticles		
The use of an active-shell design with high concentration of sensitizer in the 
shell can significantly improve the upconversion emission by enhancing the 
harvesting of incident light.[5b] In our study, a new class of active-shell (Model 
B) was designed. In the model B (active-shell) structure, the sensitizer (Nd3+) 
was doped in the 2nd shell of the nanoparticles. The activators (Eu3+, Tb3+, 
Sm3+ and Dy3+) were doped in the 1st shell layer and the accumulators (Tm3+) 
was doped in the core part of the nanoparticles. 
2.3.3.1 Nd3+	 dopant	 concentration	 optimization	 in	 the	 core	 	 of	
nanoparticles		
To optimize the energy harvesting efficiency of Nd3+ in the core, a series of 
core-shell-shell nanoparticles with varied doping concentration of Nd3+ in the 
core nanoparticle were fabricated. In our experiment, we varied Nd3+ doping 
concentration in the core while Yb and Tm dopant concentration in the core 
was fixed at 49 and 1 mol%, respectively. In addition, the Yb3+ and Nd3+ 
dopant concentration in the 1st and 2nd shell was fixed at 40 and 40 mol%, 
respectively. Figure 2.10 shows the emission spectra of the as-prepared 
NaGdF4:Yb/Tm/Nd(49/1/x mol%)@NaGdF4:Yb(40 mol%)@NaYF4:Nd(40 
mol%) (X = 0, 1.0 and 1.5 mol%) nanoparticles. The comparison of emissions  
from the nanoparticles with different Nd3+ content in the core suggests that co-
doped Nd3+ with Tm3+ can decrease the UC emission intensity of Tm3+. We 
reasoned that the quenching effect resulted from the cross relaxation between 
Nd3+ and Tm3+ ions. 
2.3.3.2 Yb3+	 dopant	 concentration	 optimization	 in	 the	 1st	 shell	 of	
nanoparticles		
In this section, the effect of Yb3+ doping concentration in the 1st shell layer 
of the core-shell-shell nanoparticles on Nd3+-sensitized UC emission was 
investigated. The doping concentration of Nd3+ was fixed at 40 mol% in the 
2nd shell particles, while 15 mol% Eu3+ was doped in the 1st shell. The 





energy from Nd3+. The emission spectra of the as-prepared 
NaGdF4:Yb/Tm(49/1 mol%)@NaGdF4:Eu/Yb(15/x mol%)@NaYF4:Nd(40 
mol%) (x = 0, 30, 40 and 50) nanoparticels was presented in Figure 2.11. 
From the emission spectra of Tm3+ ions, we can see that Yb3+ ions play an 
essential role on bridging energy transfer from Nd3+ to Tm3+. Without Nd3+, 
no any UC emission could be detected under the 808-nm excitation, while the 
emissions from Tm3+ and Eu3+ were both generated after doping Yb3+ into the 
1st shell. That suggests energy migration process in Yb3+ ions can bridge the 
energy transfer from Nd3+ to activators. By carefully optimizing the doping 
concentration of Yb3+, the strongest Tm3+ and Eu3+ emissions were observed at 
the Yb3+ doping concentration of 40 mol%. It should be noted that the 
decreased emission intensity of Tm3+ and Eu3+ at high Yb3+ doping level 









Figure 2.10 (a-b) Upconversion emissions of NaGdF4:Yb/Tm/Nd(49/1/x
mol%@NaGdF4:Yb(40 mol%)@NaYF4:Nd(40 mol%) (x = 0, 1.0 and 1.5) core-shell-
shell nanoparticles and corresponding comparison of the relative emission intensity at
different emission positions. All of the spectra were recorded under excitation by 808-








Figure 2.11 (a-b) Upconversion emissions of NaGdF4:Yb/Tm(49/1
mol%@NaGdF4:Yb/Eu(x/15 mol%)@NaYF4:Nd(40 mol%) (x = 0, 30, 40 and 50)
core-shell-shell nanoparticles and corresponding comparison of the relative emission
intensity at different emission positions. All of the spectra were recorded under





2.3.3.3 Yb3+	 dopant	 concentration	 optimization	 in	 the	 2nd	 shell	 of	
nanoparticles		
To investigate the effect of Yb3+ concentration in the 2nd shell layer on the 
optical properties of the core-shell-shell nanoparticles, we synthesized 
NaGdF4:Yb/Tm(49/1 mol%)@NaGdF4:Yb(40 mol%)@ NaGdF4:Yb/Nd(X/40 
mol%) (X = 0, 10 and 30) nanoparticles doped with different concentrations of 
Yb3+ in the second shell. The corresponding upconversion emission spectrum 
under 808-nm laser excitation was presented in Figure 2.12a and b. From the 
emission spectrum, we can see that emission intensity of Tm3+ decrease with 
increasing Yb3+ concentration. We reasoned that the increased Yb3+ content in 
the outmost shell could transfer the excitation energy to the particle surface, 
thus resulting in the decreased emission intensity.   
2.3.3.4 Nd3+	 dopant	 concentration	 optimization	 in	 the	 2nd	 shell	 of	
nanoparticles		
In this section, the effect of Nd3+ concentration in the second shell of 
nanoparticles on the emission was also studied. Figure 2.12c-d shows the 
emission spectra of the NaGdF4:Yb/Tm(49/1 mol%)@NaGdF4:Yb(40 
mol%)@NaYF4:Nd(x mol%) (x = 0, 10, 30, 40 and 50) nanoparticles. Without 
Nd3+ dopants in the 2nd shell layer, no detectable UC emission was observed. 
By comparison, a strong emission of Tm3+ could be realized from the Nd3+-
doped nanoparticles. With the increase in the Nd3+ doping concentration in the 
2nd shell from 0 to 40 mol%, the emission intensity of Tm3+ increased 
gradually as a result of the enhanced energy harvesting. However, when the 
doping concentration of Nd3+ in the 2nd shell layer was higher than 40 mol%, 
the emission intensity of Tm3+ was decreased obviously due to the presence of 
Nd3+-Nd3+ cross-relaxation at high doping levels. Therefore, the optimal 










Figure 2.12 (a-b) Upconversion emissions of NaGdF4:Yb/Tm(49/1 
mol%)@NaGdF4:Yb(40 mol%)@NaYF4:Nd/Yb(40/x mol%) (x = 0, 10 and 30) core-
shell-shell nanoparticles and corresponding comparison of the relative emission intensity 
at different emission positions. (c-d) Upconversion emissions of NaGdF4:Yb/Tm(49/1 
mol%)@NaGdF4:Yb(40 mol%)@NaYF4:Nd/Yb(x/40 mol%) (x = 10, 30, 40 and 50) core-
shell-shell nanoparticles and corresponding comparison of the relative emission intensity 
at different emission positions. All of the spectra were recorded under excitation by 808-





2.3.3.5 Activators	 (Tb3+,	Eu3+)	dopant	 concentration	optimization	 in	 the	
1st	shell	of	nanoparticles		
We next investigated the influence of Eu3+ doping concentration in the 1st 
shell layer on the upconversion luminescence, while other lanthanide dopants 
were fixed. As shown in Figure 2.13a, the characteristic peaks of the Eu3+  
luminescence at 496 nm (5D2 → 7F2), 514 nm (5D2 → 7F3), 537 nm (5D1 → 7F1), 
556 nm (5D1 → 7F2), 592 nm (5D0 → 7F1) and 613 nm  (5D0 → 7F2) were 
strongly dependent on Eu3+ content in the 1st shell layer upon excitation at 808 
nm. The optimal Eu3+ content for the strongest emission was estimated to be 5 
mol%.[16]  
Similarly, we also examined the emission intensity of the core-shell-shell 
nanoparticles by varying Tb3+ concentration. Figure 2.13b shows the emission 
spectra of the NaGdF4:Yb/Tm(15/15 mol%)@NaGdF4:Yb/Tb(40/x mol%)@ 
NaYF4:Nd(40 mol%) (x = 1, 5, 10 and 15) core-shell-shell nanoparticles. It 
could be found that the emission intensity of Tb3+ at 490, 543, 586, and 622 
nm was strongly dependent on the doping concentration. The strongest 
emission was observed when the doping concentration of Tb3+ reached 5 mol% 
in the 1st shell layer. Unfortunately, no characteristic peaks of Sm3+ and Dy3+ 
activators doped in the 1st shell layer could be detected possibly due to the low 










Figure 2.13 (a) Upconversion emissions of NaGdF4:Yb/Tm(49/1 mol%)@NaGdF4:Yb/Eu 
(40/x mol%)@ NaYF4:Nd(40 mol%) (x = 1, 5, 10 and 15) core-shell-shell nanoparticles. 
(b) Upconversion emissions of NaGdF4:Yb/Tm(49/1 mol%)@NaGdF4:Yb/Tb(40/x 
mol%)@NaYF4:Nd(40 mol%) core-shell-shell nanoparticles. All of the spectra were 







Although Tb3+ and Eu3+ luminescence were achieved in Model A and 
Model B, the emission intensity is still relatively weak and need to be further 
improved. In addition, no emission of Sm3+ and Dy3+ could be detected. That 
might be because the activators in the outmost shell suffer from severe surface 
quenching effect. To overcome this problem, the model C (active shell) 
structure was designed to improve the emission intensity. In the model C 
(active shell) structure, the activators (Eu3+, Tb3+, Sm3+ and Dy3+) were doped 
in the core. The Yb3+/Tm3+ and the sensitizer (Nd3+) were doped in the 1st and 
2nd shell layer of the nanoparticles, respectively.   
2.3.4.1 Yb3+	 dopant	 concentration	 optimization	 in	 the	 2nd	 shell	 of	
nanoparticles	
The effect of Yb3+ concentration in the 2nd shell on optical properties of the 
NaGdF4:Eu@NaGdF4:Yb/Tm@NaGdF4:Yb/Nd core-shell-shell nanoparticles 
was studied. In our study, we synthesized NaGdF4:Eu(15 mol%)@ 
NaGdF4:Yb/Tm (49/1 mol%)@NaGdF4:Yb/Nd(x/40 mol%) (x= 0, 5 and 10) 
doped with different Yb3+ concentration in the 2nd shell. As shown in Figure 
2.14a, the emission intensity of Tm3+ was decreased with increasing Yb3+ 
concentration.  We reasoned that the excitation energy could migrate to the 
surface through Yb3+ ions in the outermost shell. On the basis of this 
observation, we use the pure NaYF4:Nd3+ as the 2nd shell to obtain optimal 






2.3.4.2 Nd3+	 dopant	 concentration	 optimization	 in	 the	 2nd	 shell	 of	
nanoparticles		
Based on the above investigations, the Nd3+ content is of great importance 
to the light harvesting and subsequent energy transfer. To obtain the optimal 
concentration of Nd3+ in the second shell of nanoparticles, we synthsized the 
NaGdF4:Eu(15 mol%)@NaGdF4:Yb/Tm(49/1 mol%)@ NaGdF4:Nd(x mol%) 
(x= 0, 30, 40 and 50) with varied Nd content in the 2nd shell. As shown in 
Figure 2.14b, the emission intensity of Tm3+ gradually was improved with 
increasing Nd3+ doping concentration from 0 to 40 mol%, which is attributed 
to the improved absorbance of incident light.  However, when the doping 
concentration of Nd3+ in the second shell was higher than 40 mol%, the 
emission intensity of Tm3+ decreased. That is due to the increased cross-
relaxation between Nd3+ ions. Therefore, the optimal concentration of Nd3+ in 











Figure 2.14 (a) Upconversion emissions of NaGdF4:Eu(15mol%)@NaGdF4:Yb/Tm(49/1 
mol%)@NaYF4:Nd/Yb(40/x mol%) (x = 0, 5 and 10) core-shell-shell nanoparticles (b) 
Upconversion emissions of NaGdF4:Eu(15mol%)@NaGdF4:Yb/Tm(49/1 mol%) 





2.3.4.3 Optical	 properties	 of	 Eu3+‐and	 Tb3+‐doped	 core‐shell‐shell	
nanoparticles		
Figure 2.15a shows the UC emission spectrum of NaGdF4:Eu(5 mol%)@ 
NaGdF4:Yb/Tm(49/1 mol%)@NaYF4:Nd(40 mol%) core-shell-shell 
nanoparticles under 808-nm excitation. As anticipated, a strong emission 
intensity of the Eu3+ at 537, 556, 592 and 613 nm could be observed, which is 
much stronger than that of the nanoparticles in Modal A and B. 
Similarly, a strong upconversion emission of Tb3+ at 490, 543, 586, and 622 
nm from NaGdF4:Tb(5 mol%)@NaGdF4:Yb/Tm(49/1 mol%)@NaYF4:Nd(40 
mol%) core-shell-shell nanoparticles under 808-nm excitation could be 
observed (Figure 2.15b). Taken together, these data both indicated that the 
activators in the core could eliminate the surface quenching effect. 
2.3.4.4 Optical	 properties	 of	 Sm3+‐and	 Dy3+‐doped	 core‐shell‐shell	
nanoparticles		
Encouraged by the results of Tb3+- and Eu3+-doped core-shell-shell 
nanoparticles in Model C, we further doped Sm3+ and Dy3+ in the core-shell-
shell structure in Model C. To obtain the optimal emission intensity, a series 
of nanoparticles with varied activator concentration in the core were 
synthesized. Note that 49 mol% Yb3+ and 1 mol% Tm3+ were doped into the 
1st shell layer while 40 mol% Nd3+ was doped in the 2nd shell layer. 
Figure 2.16a shows the upconversion emission spectra of NaGdF4:Sm(x 
mol%)@NaGdF4:Yb/Tm(49/1 mol%)@NaYF4:Nd(40 mol%) (x = 1, 3 and 5) 
core-shell-shell nanoparticles under the 808 nm excitation. Interestingly, the 
emission peaks at 559 nm and 596 nm could be clearly observed, which was 
ascribed to 4G5/2 → 6H5/2 and 4G5/2 → 6H7/2 transition of Sm3+.  Similarly, As 
shown in Figure 2.16b, we also observed the characteristic peaks of Dy3+ at 
573 nm from the luminescence spectra of the NaGdF4:Dy(x 
mol%)@NaGdF4:Yb/Tm(49/1 mol%) @NaYF4:Nd(40 mol%) core-shell-shell 
nanoparticles under 808-nm excitation. It should be noted that both optimized 










Figure 2.15 Upconversion emissions of (a) NaGdF4:Eu(5 mol%)@NaGdF4:Yb/Tm (49/1 
mol%)@NaYF4:Nd(40 mol%); (b) NaGdF4:Tb(5 mol%)@NaGdF4:Yb/Tm (49/1 mol%)@ 
NaYF4:Nd(40 mol%) core-shell-shell nanoparticles. All of the spectra were recorded 









Figure 2.16 (a) Upconversion emissions of NaGdF4:Sm(x mol%)@NaGdF4:Yb/Tm (49/1 
mol%)@NaYF4:Nd(40 mol%) (x = 1, 2 and 5) core-shell-shell nanoparticles. (b) 
NaGdF4:Dy(x mol%)@NaGdF4:Yb/Tm (49/1 mol%)@ NaYF4:Nd(40 mol%) (x = 1, 2 and 
5) core-shell-shell nanoparticles. All of the spectra were recorded under excitation by 808-






Three types of core-shell-shell design are presented for Nd3+-sensitized 
energy migration-mediate upconversion. To compare these three types of 
design, we examined the upconversion emission of Eu3+- and Tb3+-doped 
core-shell-shell structures nanoparticles using model A, B and C under 808 nm 
excitation, respectively. As shown in Figure 2.17a and b, the emission 
intensity in active-shell structures (Model B and C) is much stronger than the 
active-core structure (Model A). For example, the emission intensity of Tm3+ 
at 450 nm in Model B and C core-shell-shell nanoparticles was 40 and 37 
times higher than that of Model A (Figure 2.17a). This suggested that the 
active-shell structures design is much better than that of active-core structures. 
On the other hand, the emission intensity of Eu3+ and Tb3+ in Model C 
structure was much higher than that in Model B. We attributed it to the 
decreased surface quenching effect due to the longer distance between 
activators and particle surface in Model C. Taken together, these results point 
out that the Model C could be an ideal design for 808 nm-excitable 











Figure 2.17 (a) Upconversion emissions of Eu3+-doped Model A, B and C core-shell-shell 
nanoparticles. (b) Upconversion emissions of Tb3+-doped Model A, B and C core-shell-






In conclusion,  we have developed a new class of core-shell-shell 
nanoparticles for efficient activator (Tb3+, Eu3+, Sm3+ and Dy3+) emission 
through an energy migration-mediated upconversion process upon the 808 nm 
excitation. Three types of Nd3+-sensitized core-shell-shell nanoparticles 
including active-core (Model A) and active-shell (Model B and C) structures 
has been designed for optimal upconversion luminescence from Tb3+, Eu3+, 
Sm3+ and Dy3+ upon the 808-nm excitation. By deliberately tuning the doping 
combination and concentration, the optimal concentration of lanthanide 
dopants in each core-shell-shell design has been figured out for the maximum 
emission intensity. The comparison of photoluminescence results has revealed 
that the Model C design is the best design for Nd3+-sensitized energy 
migration-mediated upconversion luminescence. These findings offer a new 
exciting opportunity for ration design of imaging-guided platform in potential 
biomedicine applications. 
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Erbium is one of 17 rare earth elements with atomic numbers 68. The 
energy levels for Er3+, as presented by Dieke and Crosswhite, are shown in 
Figure 3.1.[1] From this figure we can find that the number and spacing of 
energy levels for the Er3+ ion make it perfect for upconversion studies. For 
example, exciting the Er3+ from ground state to the first excited state alone can 
lead to four subsequent excited state absorptions, 4I15/2 → 4I13/2 → 4I9/2 → 4S3/2 
→ 2H9/2, converting 1532 nm excitation into 410 nm emission (Figure 3.1a).[2] 
Other levels, like 4I11/2 and 4I9/2 can be excited by 980 nm as well as 800 nm 
radiation from a diode laser, respectively (Figure 3.1b and c). Therefore, Er3+ 
is the only lanthanide ion that shows UC luminescence through excitation at 
800 nm (4I15/2 → 4I13/2), 980 nm (4I15/2 → 4I11/2) and 1532 nm (4I15/2 → 4I9/2) 
(Figure 3.1). The upconversion properties of Er3+ have been extensively 
studied during the past 50 years.[3] Since 4f electrons in Er3+ are shielded by 5s 
and 5p electrons, this minimizes the effect of ligands such that the energy 
levels coincide well with free ion energy levels, which provides expected 
spectrum for the project. The emission spectrum of Er3+ shows peaks at 410 
nm (2H9/2 → 4I15/2), 520-540 nm (4S3/2 → 4I15/2) and 660 nm (4F9/2 → 4I15/2).  
For this project, the excitation at 1532 nm was of particular interest. UC 
excitation source is usually in the near-infrared region (800~1000 nm).[4] 
Ytterbium ions (Yb3+), being the most common sensitizer, are exclusively 
excited by narrowband near-infrared excitation of 980 nm.[5] However, the 
applications of such UCNP are limited. More notably, 980 nm photons can 
also be absorbed by water molecules in biological samples which will lead to 
thermal damages despite the stronger water absorption.[6] On the other hand, 
1532 nm can produce a deeper imaging than 980 nm because of the much less 
significant tissue scattering.[2b, 7] Er3+-doped upconversion can also extend the 
spectral range of Si-based single photo detectors into the telecommunications 
band near 1.55 μm.[8] A layer of such UC sheet can also increase the external 
quantum efficiency of solar cells lightly.[9]  
This project aimed to provide a comprehensive multi-colour tuning of Er-





of dopant ions (Er3+, Yb3+, Tm3+) at different concentration. The used host 
material β-NaYF4 is optically inert, thus can provide sufficient dispersion for 
Er3+ dopant enabling ten times of the UC efficiency as compared to that of 
cubic α-NaYF4.[10] The intensity of each emission peak will be maximized 
through finding the optimized concentration of each ion.  
  
 
Figure 3.1 Energy level diagrams and proposed UC process for Er3+ at (a) 1532-, (b) 
980- and (c) 808- nm laser excitation. The solid upward arrows showing absorption at 
1532, 980 and 800 nm; solid downward arrows showing emission at 660, 540 and 410 







Yttrium(III) acetate hydrate (99.9%), ytterbium(III) acetate hydrate (99.9%), 
erbium(III) acetate hydrate (99.9%), thulium(III) acetate hydrate (99.9%), 
sodium hydroxide (NaOH; >98%), lithium hydroxide (LiOH; >98%), 
ammonium fluoride (NH4F; >98%), oleic acid (90%), 1-octadecene (90%), 
were all purchased from Sigma-Aldrich. All chemicals were used as received 
without further purification. 
3.2.2 Characterization	
Powder X-ray diffraction (XRD) data were measured on a Bruker D8 
Advance diffractometer with a graphite-monochro-matized CuKα radiation 
(1.5406 Å). Low-resolution transmission electron microscopy (TEM) was 
performed on a JEL-1400 transmission electron microscope (JEOL) operating 
at an acceleration voltage of 120 kV. The upconversion luminescence spectra 
were recorded in an Edinburgh FSP920 equipped with a photomultiplier 
(PMT), in conjunction with 1532 nm diode laser. The emission was collected 
at 90° through a pair of focusing lenses and optical fibre connected to a 
monochromator (Acton, Spectra Pro 2300i) coupled with CCD (Princeton 
Instruments, Pixis 100B) 
3.2.3 Synthesis	of	NaYF4:Er	core	nanoparticles		
In a typical procedure for the synthesis of NaYF4:Er nanocrystals,  2 mL 
aqueous solution of Ln acetate (0.2 M, Ln = Y, Yb, and Er) was mixed with 3 
mL of oleic acid (OA) in a 50 mL flask. The mixture was heated at 150oC in 
an oil bath and kept for 60 min. And then 7 mL of 1-octadecene (ODE) was 
added to the flask. The mixture was cooled down to 50 oC after 30 min. After 
that, 6 mL of methanol solution containing NH4F (1.6 mmol) and NaOH (1 
mmol) was added to the core precursor and stirred continuously for 30 min. 
After removal of the low boiling point solvent, the mixture was increased to 
290 oC under argon atmosphere. After 2 h reaction, the mixture was cooled 
down and washed by ethanol several times. And the product was finally re-






NaYF4 shell precursor was prepared by mixing 2 mL aqueous solution of 
0.2 M Y(Ac)3 with 3 mL of OA and 7 mL of ODE. The mixture was heated at 
150 oC in an oil bath for 1 h. After cooling down to 80 oC, NaYF4:Yb/Tm core 
nanoparticles in 4 mL of cyclohexane were added to the mixture and kept at 
80 oC for 30 min. Subsequently, the methanol solution containing NH4F (1.6 
mmol) and NaOH (1 mmol) were added under intense agitation for 30 min at 
50oC. After evaporating the low boiling point solvents, the mixture was finally 
heated at 290 oC under argon atmosphere for 3 h. After cooling to room 
temperature, the product nanoparticles were precipitated, washed several times 
with ethanol, and re-dispersed in 4 mL of cyclohexane for further use. 
3.2.5 Synthesis	of	Li‐doped	NaYF4:Er(10	ml%)	core	nanoparticles	
In a typical procedure for the synthesis of Li-doped NaYF4:Er(10 ml%) 
nanoparticles, 2 mL aqueous solution of Ln(CH3CO2)3 (0.2 M, Ln = Y and Er) 
was added to a 50 mL flask containing 3 mL of oleic acid. The mixture was 
heated at 150 oC for 30 min to remove the water content from the solution 
completely. The mixture was further kept at 150 oC for another 30 min after 
the addition of 7 mL of 1-octadecene to remove the volatile component in the 
mixture. After the resulting mixture was cooled down to 50 oC, another mixed 
solution of NH4F (1.6 mmol), NaOH and LiOH was added and the resultant 
solution was stirred for 30 min. After the methanol was evaporated, the 
solution was heated to 290 oC under argon for 1.5 h and then cooled down to 
room temperature. The resulting nanoparticles were precipitated by addition of 
ethanol, collected by centrifugation at 5000 rpm for 5 min, washed with 









The NaYF4:Er core and NaYF4:Er@NaYF4 core-shell nanoparticles were 
synthesized through co-precipitation method. Figure 3.2a gives an illustration 
of the co-precipitation strategy for the synthesis of lanthanide-doped NaYF4 
and its core-shell nanocrystals. Since the multicolour tuning in this project is 
achieved through varying dopant concentration, the size dependency of tuning 
was minimized by adapting the core-shell structure. The monodispersity of 
each batch of core or core-shell nanoparticles was monitored to ensure size-
uniformity of the particles in the nanoscale range. Figure 3.2b-e shows the 
TEM images of the NaYF4:Er(10 mol%) core and NaYF4:Er(10 
mol%)@NaYF4 core-shell nanoparticles. The well-dispersed nanoparticles 
suggest that the long-chain oleic acid ligand on the crystal surface prevented 
aggregation. From these figure, we can see that the size-uniform core and 
core-shell nanoparticles were successfully synthesized through the co-
precipitation method. For NaYF4:Er(10 mol%) core nanoparticles, the average 
diameter of the nanocrystals, obtained by random measurements of 400 
particles from the TEM images, is 14.7 nm with a standard derivation of ± 0.8 
nm. For NaYF4:Er(10 mol%)@NaYF4 core-shell nanoparticles, the average 
diameter of the nanocrystals, obtained by random measurements of 400 
particles from the TEM images, is 19.5 nm with a standard derivation of ± 0.8 
nm. 
Figure 3.3 shows the X-ray diffraction results of the NaYF4:Er(10 mol%) 
core nanocrystals. Strong diffraction peaks are commonly observed from high 
quality lanthanide-doped UC nanocrystals adopting a hexagonal or cubic 
phase.[27] The peak positions and intensities of these nanocrystals agree well 
with the hexagonal NaYF4 crystal (line pattern in the lower part of Figure 3.3; 
Joint Committee on Powder Diffraction Standards file number PDF 16-0334). 
Combined with TEM results, the particles were confirmed to be single crystals. 
The XRD patterns of NaYF4:Er(10 mol%) nanocrystals also confirmed the 









Figure 3.2 (a) Schematic illustration of the co-precipitation strategy for the synthesis 
of lanthanide-doped NaYF4 and its core-shell nanocrystals. (b-c) TEM images and the 
corresponding size histograms of NaYF4:Er(10 mol%) core nanoparticles. (d-e) TEM 










Figure 3.3 XRD pattern of NaYF4:Er(10 mol%) nanoparticles compared with β-





3.3.2 Upconversion	 mechanism	 for	 NaYF4:Er(10	 mol%)@NaYF4	
core‐shell	nanocrystals	under	1532‐nm	excitation	 
It is well known that the UC emission intensity is strongly dependent on the 
incident excitation power.[9, 11] The number of pumping photons (n) involved 
in an upconversion process can be determined by the emission intensity versus 
the laser excitation power in a log–log plot. To determine the number of 
photons involved in the 1532 nm excited UC process of the Er3+ doped 
nanocrystals, the intensities of the UC emissions versus the 1532 nm 
excitation intensity in a double logarithm scale (Figure 3.4a).  
In this case we found out that  the n values of the red and green emission of 
the NaYF4:Er(10 mol%)@NaYF4 nanoparticles are 2.7 and 2.9, respectively , 
which indicate that both red and green emission are generated via three-photon  
upconversion processes. A proposed three-photon UC mechanism upon 1532 
nm excitation is shown in Figure 3.4b. The sequential absorption of three 1532 
nm photons would excite Er3+ ion from 4I15/2 → 4I13/2 via ground state 
absorption, 4I13/2 → 4I9/2 and eventually 4I9/2 → 4S3/2 through two excited state 
absorptions. There are two main possible routes for the depopulation routes of 
the 4S3/2 level. One of them is the direct 4S3/2 → 4I15/2 radiative transition, 
which generates green emission at 540 nm. Another route contains a non-
radiative transition from 4S3/2 → 4F9/2, followed by 4F9/2 → 4I15/2 radiative 










Figure 3.4 (a) Pump power dependence of red and green emission of 
NaYF4:Er(10 mol%)@NaYF4; (b) Proposed UC process for Green and Red 
emission in Er3+ at 1532 nm laser excitation. The dashed maroon lines represent 
the sequential absorption of excitation photons. The black dotted line represents 
the non-radiative relaxation. The red and green solid lines represent the 654 and 





3.3.3 Effect	 of	 Er3+	 doping	 concentration	 on	 UC	 luminescence	
intensity	of	NaYF4:Er	nanoparticles		
To study the UC emission of Er3+, a series of NaYF4:Er(x mol%) (x = 5, 10, 
15, 20, 30 and 50) samples doped with different concentrations of Er3+ were 
synthesized.  Upon 1532 nm excitation, Er-doped nanoparticles are able to 
give sharp and intense green emission which can be seen visibly with naked 
eye. From Figure 3.5a it can be seen that there are green upconversion 
emission peaks centered at around 520 nm and 544 nm, which were attributed 
to 2H11/2, 4S3/2 →  4I15/2 transitions,  and red upconversion emission at 
approximately 654 nm from the 4F9/2 →4I15/2 transition of Er3+ ions. Besides, 
the UV emission locates at 410 nm emission of Er3+ can also be observed from 
the spectrum.  
Two important points can be obtained from this set of control experiments: 
(1) In the first Er3+ doping window from 5 to 10 mol%, the intensity of Er3+ 
emission increased correspondingly as the doping concentration is elevated 
gradually as a result of the enhancing energy harvesting performance of Er3+ 
with high content in the core; (2) If the doping concentration of Er3+ in the 
core is higher than 10 mol%, the intensity of upconversion emission decreases 
with increasing doped concentration of Er3+ ion. The cross-relaxation between 
Er3+ becomes more significant due to the closer distance between ions at 
higher concentrations, hence suppressing the population of excited levels 4F7/2, 
4S3/2 and 4F9/2.[12] This causes UC luminescence to dope to zero for 50 mol% 
Er3+ dopant. Therefore, the optimal concentration of Er3+ in the core 
nanoparticles is 10 mol%.  
It was found in the upconversion emission spectra that the upconversion 
emission intensity ratio of green (at 540 nm) to red (around 654 nm) changes 
with the dopant Er3+ concentration. As the Er3+ ion concentration increases 
from 5 to 50 mol%, the ratios are around 10.6, 3.6, 3.3, 3.1, 1.6 and 1.2, 
respectively; i.e. the emission intensity of green upconversion decreases with 







As mentioned above, there is surface quenching in core particles due to the 
interactions between upconversion nanoparticles with solvent, ligands and 
incomplete coordination of the ions. For these reasons, a layer of NaYF4 was 
designed as an outside shell of the core particles to reduce surface quenching. 
From the upconversion emission spectrum shown in Figure 3.5b, both 
NaYF4:Er(10 mol%)@NaYF4 and NaYF4:Er(15 mol%)@NaYF4 have a 
stronger green emission intensity at 540 nm. With an inert shell, the surface 
quenching effect is minimized; 10 mol% of Er3+ in core particle gives the 
strongest emission intensity at 540 nm. Therefore from this results, 
NaYF4:Er(10 mol%) is fixed to be the preferred core for subsequent 
investigation. For the core-shell nanoparticles, when the Er3+ ion concentration 
in core increases from 5 to 15 mol%, the green-to-red upconversion intensity 
ratios (fg/r) are around 2.7, 1.5 and 1.1, respectively (Figure 3.5c). Higher 
doping level of Er3+ ions accelerates the cross-relaxation process which is 
beneficial for the red emission fron 4F9/2 energy level.  
On the other hand, the green-red ratios of Er3+ in the core-shell nanoparticles 
were much lower than that of the corresponding core nanoparticles (Figure 
3.5c). In other words, the red emission was increased more significantly than 
the green emission after the inert shell coating.[13] This is reasonable due to the 
reduced surface quenching effect. The red emission involves a non-radiative 
relaxation from 4S3/2 → 4F9/2 followed by absorption of a third photon. Without 
the shell, the possibility of absorption of the third photon from 4F9/2 → 4I15/2 is 
low because the non-radiative decay might continuously relax the ion back to 
ground state and release the energy at the surface without an emission. With 
the shell, the degree of relaxation that leads to surface energy lose is 









Figure 3.5 Room temperature UC emission spectra of (a) NaYF4:Er(x mol%) (x = 5, 
10, 15, 20, 30, 50); (b) NaYF4:Er(5, 10, 15 mol%)@NaYF4 under 1532 nm CW laser 






3.3.5 Effect	 of	 Er3+	 doping	 concentration	 (in	 shell)	 on	 the	 UC	
emission	 intensity	 of	 NaYF4:Er(10	 mol%)@NaYF4:Er	 core‐
shell	nanoparticles	
An active shell doped with Er3+ was added onto the core nanoparticles to 
investigate the effect. An active shell provides suppressed surface quenching 
effect with a higher concentration of dopant which can realize some unique 
optical properties unavailable to inert core-shell particles.[14] NaYF4:Er(10 
mol%)@NaYF4:Er(0.5 mol%) showed the highest emission intensity at 654 
nm and comparable 540 nm emission (Figure 3.6a and b). The fg/r  for 
NaYF4:Er(10 mol%)@NaYF4:Er(0.5 mol%) is 1.2, which was the lowest for 
all the prepared nanoparticles, among the particle an slightly yellow tinted 
green emission. Er3+ dopant in shell layer is spatially separated from the core 
dopant, which allows for a higher concentration of dopant without the cross 
relaxation effect that usually occurs in core particles. At higher concentration 
of Er3+, the nonradiative decay that leads a 654 nm emission is favoured due to 
closer ionic interaction. A proposed UC mechanism is shown in Figure 3.6c. 
Hence, with an active shell, the emission intensity of 540 nm and 654 nm 









Figure 3.6 (a) Room temperature UC emission spectra of NaYF4:Er(10 
mol%@NaYF4:Er(x mol%) (x = 0, 0.5, 1, 2 and 10 mol%) under 1532 nm CW laser 
excitation. (b) Increase in red and green emission from inert shell particles to active 







Yb3+- and Er3+-doped NaYF4 nanoparticles show efficient energy transfer 
upconversion due to overlapping of the Yb3+ and Er3+ absorption bands and 
efficient energy transfer from Yb3+ to Er3+.  The energy transfer between Er3+ 
and Yb3+, 4I11/2 or 4I9/2 (Er3+) → 4F5/2 (Yb3+) provides an energy reservoir at 
that excited state, similar to photon avalanche. This effectively facilitates the 
third photon absorption from either 4I11/2 excited state or 4I9/2 excited state. 
NaYF4:Er/Yb(10/5 mol%) showed the highest increase in emission intensity 
from NaYF4:Er(10 mol%).(Figure 3.7a). The fg/r drecreased to a value below 1, 
and even down to 0.36, which means that the green emission intensity was 
lower than the red emission intensity (Figure 3.7b). This suggests that with 
Yb3+, the energy transfer from 4I11/2 (Er3+) → 4F5/2 (Yb3+) is more efficient 
than that for 4I9/2 (Er3+) (Figure 3.7c). However, the visible light to the naked 
eye for the particle is still a yellowish green hue which is indistinguishable 









Figure 3.7 (a) Room temperature UC emission spectra of NaYF4:Er/Yb(10/y mol%) 
under 1532 nm CW laser excitation. (b) fg/r of NaYF4:Er/Yb(10/y mol%). (c) Proposed 
UC mechanism for NaYF4:Er/Yb(10/y mol%) particles. The dashed maroon lines 
represent the sequential absorption of excitation photons. The black dotted line 
represents the non-radiative relaxation. The grey dashed line represents the energy 
transfer between Yb3+ and Er3+. The red and green solid lines represent the 654 and 






NaYF4:Er/Tm nanorods have been known to exhibit an enhanced red 
emissionat 1532 nm excitation.[15] Hence further experiments were conducted 
to investigate the shape and morphology effect on nanoparticles and optimize 
the emission intensity. From the spectra (Figure 3.8a and b), 
NaYF4:Er/Tm(10/0.2 mol%) has the strongest emission intensity at around 
650 nm which is almost 500 times higher than the emission intensity for 
NaYF4:Er(10 mol%). At a higher concentration of Tm3+ (i.e. 2 mol%), the 
emission is completely extinguished, probably due to overwhelming cross 
relaxation between Tm3+ and Er3+. The previous results show an active shell of 
0.5 mol% Er3+ is able to enhance the red emission significantly which is also 
observed with Er/Tm co-doped nanoparticles. The fg/r for NaYF4:Er/Tm(10/0.2 
mol%)@NaYF4:Er(0.5 mol%) is 0.114 which finally gave a visible red 
emission under naked eyes. The observation proves that in order to achieve 
visible red emission at sight, the green emission essentially needs to be 
suppressed while enhancing the red emission to a very large degree.  
The slight shift and incredible increase in emission intensity suggest that the 
UC mechanism for Er/Tm co-doped particles might be very different from 
previously reports. From the double logarithmic power dependence curve 
(Figure 3.8c), the UC process is concluded to be a two photon process, not the 
three photon process as in previous cases. A proposed UC mechanism for 
green emission is: Er3+ is excited from 4I15/2 → 4I13/2 via GSA, 4I13/2 → 4I9/2 via 
ESA and relaxes non-radiatively to 4I11/2. From 4I11/2 state, cross relaxation 
occurs when the 4I11/2 → 4I15/2 (Er3+) transition provides the energy to promote 
some population from 4I11/2 → 4F7/2 (Er3+). Er3+ will then relax non-radiatively 
from 4F7/2 → 4S3/2 which thus emits green emission (Figure 3.9a). For red 
emission, there may be two possible routes; one being a non-radiative from 
4S3/2→4I9/2 after 4S3/2 exited state is populated same as before. The other 
possible mechanism involves two non-resonance energy transfer between 
Tm3+ and Er3+: the first one is the population of 3F4 by 4I11/2 (Er3+) → 3F4 (Tm3+) 
and the second one is the relaxation for 3F4→ 3H6 (Tm3+) which promotes 4I11/2 








Figure 3.8 Room temperature UC emission spectra of (a) NaYF4:Er/Tm(10/z mol%; 
(b) NaYF4:Er/Tm(10/z mol%) and NaYF4:Er/Tm(10/z mol%)@NaYF4:Er(0.5 mol%) 
under 1532 nm CW laser excitation. (c) Pump power dependence of red and green 









Figure 3.9 (a-b) Proposed UC process for green emission in Er/Tm co-doped nano 
particles at 1532 nm excitation. The dashed maroon lines represent the sequential 
absorption of excitation photons. The black dotted line represents the non-radiative 
relaxation. The grey dash lines represent the energy transfer between Tm3+ and Er3+. 







As shown in the emission spectra of all the Er-doped particles, there is a 
small emission around 410 nm. Compared to the high intensity of 540 and 660 
nm emission, the 410 nm emission exists as a blip on the spectrum.[16] It 
showed that by doping lithium (Li+) in NaYF4 host lattice, the violet emission 
in Yb/Tm/Er co-doped particles significantly increased at 980 nm excitation. 
Li+ ion can be doped into the host lattice either interstitially or substituting Na+ 
due to its small ionic radius (rLi = 0.6 Å, rNa = 0.98 Å). The XRD 
characterization in Figure 3.10 confirmed that with increasing Li+ 
concentration in NaYF4, the crystallography diverts from β-NaYF4 and finally 
becomes tetragonal LiYF4. It may distort the symmetry of the crystal field 
which will lead to enhancement of UC luminescence.[17] 
The position of the emission peaks for Li-doped nanoparticles (Figure 3.11a) 
shifts from undoped NaYF4:Er(10 mol%) particles. It is obvious that 30 mol% 
Li-doped particle has a slightly different spectrum compared to other Li-doped 
particles. This could be attributed to a non-symmetry distorted crystal field, as 
the crystallography of the particle may be a mixture of LiYF4 and β-NaYF4. 
There is a clear correlation between the coordination polyhedron and the 
crystal field splitting,[18] with the more symmetrical having higher 
luminescence. Hence tetragonal LiYF4 might cause lower luminescence 
intensity compared to hexagonal β-NaYF4. 
However, a small amount of Li+ doped in NaYF4 may distort the crystal 
field in favour of UC luminescence. For 30 mol% Li-doped particles, the UV 
emission (410 nm) increases 148 times from undoped particles, while the 
green and red emission didn’t increase to the same degree (Figure 3.11b). 
Further studies could be conducted to investigate the involvement of Li+ in UC 
emission mechanism ranging from visible to UV region and the detailed 









Figure 3.10 XRD pattern of NaYF4:Er/Li(10/20 mol%), NaYF4:Er/Li(10/30 







Figure 3.11 (a) Room temperature UC emission spectra of NaYF4:Er/Li(10/x mol%) 
under 1532 nm CW laser excitation. (b) Increase in UV, Green and Red emission 
intensity for Li-doped particles compared to NaYF4:Er(10 mol%). (c) UV UC 






The energy transfer between Yb3+ and Er3+ (Tm3+) at 980 nm excitation has 
been well researched and showed possible visible violet output.[19] Yb3+, Er3+ 
and Tm3+ showed efficient ETU when Yb3+ is in the excited state after 
absorption of 980 nm excitation photons. In those particles, Tm3+ shows blue 
emission (1G4 → 3F4).[20] At 1532 nm elicitation, Er3+ serves as the sensitizer 
and has emission in the NIR region, such as 980 nm (4I11/2 → 4I15/2).[8] There is 
a possibility that 2F5/2 excited state of Yb3+ could be populated via the UC 
mechanism described in Figure 3.7c or by absorption of the 980 nm emission. 
NaYF4:Er(10 mol%)@NaYF4:Yb/Tm(20/0.5 mol%) and NaYF4:Er(10 
mol%)@NaYF4:Yb/Tm (30/0.5 mol%) show an obvious increase of UV 
emission compared to NaYF4:Er(10 mol%)@NaYF4 but to a similar degree 
(Figure 3.12). This shows that the amount of Yb3+ in shell does not affect 
emission much. NaYF4:Er/Yb(10/5 mol%)@NaYF4:Yb/Tm(20/0.5 mol%) and 
NaYF4:Er/Yb (10/5 mol%)@NaYF4:Yb/Tm (30/0.5 mol%) show a smaller 
increase in UV emission. This is probably due to the cross-relaxation effect 
between Er3+ and Yb3+ in core. Doping Yb3+ and Tm3+ in shell layer isolates 
the ions and reduces any destructive non-radiative relaxation. 
NaYF4:Er/Yb/Tm(5/2/0.2 mol%)@NaYF4:Yb/Tm(20/0.5 mol%) showed 
almost no emission intensity increase for UV emission.  
For all the Er/Tm/Yb tri-doped UC nanoparticles, the intensity of red 
emission has a largest increase, suggesting a more complicated UC 
mechanism in the particles. In the interest of this project, enhancing emission 
using the Er/Tm/Yb tri-doped particles seems redundant since simple particles 
can achieve the same objective. However, the Er/Tm/Yb tri-doped particles 
provide extra interest in multi-colour tuning at the excitation of 1532 nm and 
980 nm. It will be very informative to investigate the emission spectrum and 










Figure 3.12 (a) Room temperature UC emission spectra of different Er/Tm/Yb tri-
doped core and core-shell particles under 1532 nm CW laser excitation. (b) UV UC 







CIE Chromacity graph shows the trueness of color, perceived by naked eyes. 
The CIE coordinate gives a very precise way to measure color since the 
parameters are based on spectral power distribution of the light emitted and 
are factored in the sensitivity of human eye for each color hue. Table 4.1 and 
Figure 3.13a gives the CIE coordinates for different Er3+-doped upconversion 
particles. The results indicate that through the addition of a second emitter 
(Tm3+) at a trace concentration of 0.2 mol% in the nanoparticles, a wide range 
of emission colors from green to red can be readily achieved(Figure 3.13b-f). 
The ratio of green to red can be changed from 3.6 to 0.11.  
 
  






① NaYF4:Er(10 mol%) 0.2741 0.7029  3.6 
② NaYF4:Er(10 mol%)@NaYF4 0.3088 0.6663  1.5 
③ NaYF4:Er(10 mol%)@NaYF4:Er(0.5 mol%) 0.3402 0.6402  1.2 
④ NaYF4:Er(10 mol%)@NaYF4:Yb/Tm(30/0.5 mol%) 0.3540 0.6207 2.0 
⑤ NaYF4:Er/Yb/Tm(5/2/0.2 mol%)@ 
NaYF4:Yb/Tm(20/0.5 mol%) 
0.5199 0.4702 0.17 
⑥ NaYF4:Er/Tm(10/0.2%) 0.5739 0.4173  0.10 









Figure 3.13 (a) CIE chromaticity coordinate positions of NaYF4 core and core-shell 
particles with different concentrations of dopant. Fluorescence photograph of (b) 
NaYF4:Er(10 mol%); (c) NaYF4:Er(10 mol%)@NaYF4; (d) NaYF4:Er/Yb(10/5 mol%)
(e) NaYF4:Er(10 mol%)@NaYF4:Er(0.5 mol%) and (f) NaYF4:Er/Tm(10/0.2 mol%) 
@NaYF4:Er(0.5 mol%), samples in cyclohexane solution under irradiation of a 1532 






Monodispersed Er/Tm/Yb-doped UCNP was synthesized via co-
precipitation method, with their size and dispersity confirmed by TEM images; 
crystallography of NaYF4 verified by XRD measurements. The violet (~410 
nm), green (~540 nm) and red (~660 nm) emissions of Er3+ have been tuned 
and maximized through use of different dopant concentration. For Er-doped 
UCNP, the UC mechanism is found to be a three photon absorption process. 
NaYF4:Er(10 mol%)@NaYF4:Er(0.5 mol%) active shell particle has the 
highest emission intensity for green and red emission with fg/r  for 
NaYF4:Er(10 mol%)@NaYF4:Er(0.5 mol%) being 1.2. For NaYF4:Er/Yb(10/5 
mol%) which has the highest emission intensity, the fg/r is 0.36, showing an 
higher increase in red emission than green emission. The proposed UC 
emission, similar to the three photon UC mechanism, suggested a favourable 
energy transfer between Yb3+ and Er3+. For Er/Tm-doped UCNP, the UC 
mechanism was found to be two photon absorption. The fg/r for 
NaYF4:Er/Tm(10/0.2 mol%)@NaYF4:Er(0.5 mol%) is 0.114 which means a 
much higher emission intensity for 660 nm than that of 540 nm. In order to 
enhance 410 nm emission, Li+ was doped into NaYF4 host lattice. The 
crystallography was observed through XRD measurement which showed a 
change in lattice. The distorted crystal field of NaYF4:Er/Li(10/30 mol%) 
largely enhances the UC luminescence, especially for UV emission which is 
149 times of that of undoped NaYF4:Er(10 mol%). Er/Yb/Tm tri-doped 
nanoparticles provide an interesting possibility in multicolour tuning where all 
the emission intensities increase at different folds. The particles can be further 
researched at 980 and 808 nm excitations. 
This project provided a comprehensive multicolour tuning profile for UCNP 
at 1532 nm. The nanoparticles have been tuned for visible colour output 
ranging from green to red, represented on the CIE chromaticity graph. 
Upconversion at 1532 nm is showing promise at photovoltaic applications, 
such as solar cell or telecommunication, and biological uses. The UC 
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In the past decades, lanthanide doped upconversion nanocrystals have 
attracted considerable attention.[1] Because of their intriguing merits (large 
anti-stocks shift, narrow emission bands, long lifetimes, etc.),[2] upconversion 
nanocrystals can be used as optical imaging probes, biological luminescent 
labels and drug delivery carriers. Among the nanocrystals with different 
structures, one-dimensional (1-D) nanomaterials stimulated great attention due 
to their unique physical/chemical properties which could be used in potential 
applications such as light-emitting devices,[3] low-threshold lasers,[4] optical 
sensing[5] and optical wave-guide technology.[6] Up to now, many facile 
strategies have been developed for the preparation and application of the 1-D 
nanomaterials such as carbon nanotubes,[7] semiconductor[8] and metal 
nanocrystals.[9] However, it is a big challenge for the synthesis of highly 
luminescent 1-D lanthanide doped upconversion nanocrystals. 
Herein, we successfully prepared orthorhombic K2YF5:Yb/Er (Tm) 
nanobelts according to our reported co-precipitation method.[10] The obtained 
nanocrystals are dispersible in cyclohexane. TEM, HRTEM and XRD were 
used to characterize the morphologies and phase structures of the obtained 
nanocrystals, which can be easily tuned by changing the synthesis conditions, 
such as the amount of solvent OA and the reaction time. Under 980 nm 
excitation, blue (at 410 and 479 nm), green (at 520 and 540 nm), red (at 647-
665 nm) and infrared (800 nm) upconversion emissions of the as synthesized 









Yttrium(III) acetate hydrate (99.9%), ytterbium(III) acetate hydrate (99.9%), 
erbium(III) acetate hydrate (99.9%), thulium(III) acetate hydrate (99.9%), 
potassium hydroxide (KOH; >98%), ammonium fluoride (NH4F; >98%), 
potassium fluoride(KF; >98%), oleic acid (90%), 1-octadecene (90%), were 
all purchased from Sigma-Aldrich. All chemicals were used as received 
without further purification. 
4.2.2 Physical	measurements		
Low-resolution transmission electron microscopy (TEM) images were taken 
on a JEOL-1400 transmission electron microscope (JEOL) operating at an 
acceleration voltage of 100 kV. The High-resolution TEM (HRTEM) images 
were recorded using FEI Tecnai G2 F20 electron microscope operated at an 
acceleration voltage of 300 kV. Powder X-ray diffraction (XRD) data was 
obtained on a Siemens D5005 X-ray diffractometer with Cu Kα radiation (λ = 
1.5406 Å). The upconversion luminescence spectra were recorded in an 
Edinburgh FSP920 spectrometer equipped with a photomultiplier (PMT), in 
conjunction with 980 nm diode laser. The lifetime measurement was 
conducted using a phosphorescence lifetime spectrometer (FSP920, Edinburgh) 
equipped with a microsecond flash lamp as the excitation source.  
4.2.3 Synthesis	of	lanthanide‐doped	K2YF5	nanobelts		
Figure 4.1a gives an illustration of the co-precipitation strategy for the 
synthesis of lanthanide-doped K2YF5 and its core-shell nanocrystals.  In a 
typical procedure for the synthesis of lanthanide-doped K2YF5 nanobelts, 2 
mL aqueous solution of Ln(CH3CO2)3 (Ln=Y, Yb, Er, or Tm) was added to a 
50 mL flask containing 1.2 mL of oleic acid. The mixture was heated at 150 
oC for 30 min to remove the aqueous content from the solution completely. 
The mixture was further kept at 150 oC for another 30 min after the addition of 
12 mL of 1-octadecene to remove the volatile component. After the resulting 





(3.5 mL, 1.75 mmol) and KOH (3 mL, 1.5 mmol) was added and the resultant 
solution was stirred for 120 min. After the methanol was evaporated, the 
solution was heated to 270 oC under argon protection for 5 h and then cooled 
down to room temperature. The resulting product was precipitated by addition 
of ethanol, collected by centrifugation at 5000 rpm for 5 min, washed with 
ethanol for several times, and re-dispersed in 4 mL of cyclohexane. 
4.2.4 Synthesis	 of	 K2YF5:Yb/Ln(Ln	 =	 Er	 or	 Tm)@K2YF5	 core‐shell	
nanobelts	
In this synthesis procedure, 2 mL aqueous solution of Y(CH3CO2)3 was 
added to a 50 mL flask containing 1.2 mL of oleic acid. The mixture was 
heated at 150 oC for 30 min to remove the aqueous content from the solution 
completely. After the addition of 12 mL of 1-octadecene, the mixture was 
further kept at 150 oC for another 30 min to remove the volatile component in 
the mixture. When the resulting mixture was cooled down to 80 oC, the as-
prepared K2YF5:Yb/Ln(Ln=Er, Tm or Ho) nanobelts dispersed in cyclohexane 
were added. After removal of cyclohexane, another mixed aqueous solution of 
KF (3.5 mL, 1.75 mmol) and KOH (3 mL, 1.5 mmol) was added at 50 oC and 
the resultant solution was stirred for 30 min. After the methanol was 
evaporated, the solution was heated to 270 oC under argon for 5 h and then 
cooled down to room temperature. The resulting core-shell nanobelts were 




K2YF5 phases crystallize in the orthorhombic. Each Y3+ surrounded by 
seven fluoride ions in a C2v local point symmetry. The YF7 polyhedral form 
chains paralleled to the c-axis of the structure.[11] When lanthanide ions Yb3+, 
Er3+ and Tm3+ are doped in K2YF5 host, these ions prefer to occupy the 
decahedral site of Y3+ ions due to their approximate ionic radii and identical 






Following the standard synthesis procedures stated above, the K2YF5 
nanobelts obtained in the solvent of oleic acid/1-octadecene (1 mL/12 mL) at 
270 oC for 6 h were characterized by TEM and HRTEM, as shown in Figure 
4.1b-d. The TEM images (Figure 4.1b-d taken with different magnifications) 
demonstrate that all the as-obtained K2YF5 nanobelts are of single-crystalline 
nature and display high crystallite size uniformity. The average size of the 
diameter of the nanobelts, evaluated from low resolution TEM images, is 
around 5 µm in length and 20 nm in width. The structure was further 
confirmed by HRTEM characterization which was shown in Figure 4.1d. The 
HRTEM image reveals that the nanobelt consists of a single crystalline 
structure. According to the HRTEM measurement, the lattice fringes of the 
(020), (220), (112) and (310) with a d spacing of 0.33, 0.263, 0.305, 0.316 nm, 
respectively, are attributed to orthorhombic K2YF5. 
The orthorhombic phase structure of the nanoblelts was further identified by 
XRD analysis (Figure 4.2). As shown in Figure 4.2, a large number of intense 
diffraction peaks for different 2θ values at around 15.64, 16.28, 18.04, 24.52, 
26.96, 28.2, 29.32, 31.0, 35.88, 37.72, 40.48, 46.2, 84.37, 85.72 correspond to 
the diffraction from the (110), (200), (011), (002), (020), (310), (311), (220), 
(320), (312), (222), (231) planes respectively have been observed. The peak 
positions and intensities agree well with the data reported in the JCPDS 
standard card (PDF 72-2387) for orthorhombic K2YF5 crystals. Remarkably, 







Figure 4.1 (a) Schematic illustration of the co-precipitation strategy for the synthesis 
of lanthanide-doped K2YF5 nanocrystals and its core-shell nanocrystals. (b-d) TEM 
images with different magnifications of the K2YF5, the nanobelt synthesized in 1 mL oleic 











Figure 4.2 XRD pattern of the K2YF5 nanobelst corresponding to the nanacystals of above 
TEM images. The diffraction pattern at the bottom is the literature reference for 





4.3.2 Effects	 of	 the	 reaction	 time	 on	 the	 phase	 control	 and	
morphology	of	the	K2YF5	nanobelts		
It was found that the reaction time plays an important roles in the synthesis 
of orthorhombic phase K2YF5:Yb/Er(18/2 mol%) nanocrystals. The effects of 
reaction time on the structure, morphology and sizes on the nanocrystals were 
investigated and summarized in Table 4.1. 
From Figure 4.3 we can see that the XRD results of the nanocrystals 
synthesized via different reaction time agree well with the standard XRD card 
of pure K2YF5 (JCPDS: 72-2387) which indicate that the crystal structures of 
these prepared materials have not been altered by the doping ions. Moreover, 
from the XRD pattern, it can be seen that long reaction are preferred to form 
orthorhombic phase K2YF5:Yb/Er(18/2 mol%) nanocrystals with other 
experimental conditions fixed. For example, the XRD peak intensities of the 
products obtained at 1, 2 and 3 hours were very weak. When the reaction time 
was longer than 3 hours, the XRD results showed pure orthorhombic phase 
K2YF5 pattern.  
From the TEM images (Figure 4.4) it can be concluded that with the 
extension of the reaction time, the NCs tend to grow in the belt-shaped 
nanocrystals. At the primary stage (within about 1-2 hours) of the reaction, 
ultra-small K2YF5 nanodots with diameter of 4-5 nm were incubated (Figure 
4.4a and b), only few K2YF5 nanobelts are produced. When the reaction time 
is prolonged to about 3-4 hours, more short nanobelts can be obtained, as 
shown in Figure 4.4c and d, in which we can observe that there are still some 
nanodots in the system. With further increase of the reaction time, the 
nanodots faded away gradually and more and more K2YF5 nanobelts were 
formed. From Figure 4.4e and f, we can see that if the reaction time is longer 
than 6 hours, pure nanobelts are obtained. Therefore, the reaction time was 
fixed at 6 h in the further experiments. Moreover, the formation mechanism of 
the prepared K2YF5 nanobelts was indeed attributed to the oriented attachment 










Figure 4.3 XRD results of the K2YF5:Yb/Er(18/2 mol%) nanocrystals obtained under 










Figure 4.4 TEM images of the K2YF5:Yb/Er(18/2 mol%) nanocrystals synthesized under 
different reaction time: (a) 1 h; (b) 2 h; (c) 3 h; (d) 4 h; (e) 6 h; (f) 10 h. Other experimental 
conditions are the same:270 oC, 1 mL OA, 12 mL ODE. (g) Schematic illustration of the 







Table 4.1 Effects of reaction time on K2YF5:Yb/Er(18/2 mol%) nanocrystal synthesisa. 
Time/hour Phase Shape 
1 cannot be identified nanodot 
2 orthorhombic nanodots and  small fragments 
3 orthorhombic nanobelts and small fragments 
4 orthorhombic nanobelts 
6 orthorhombic nanobelts 
10 orthorhombic nanobelts 
 





4.3.3 Effects	of	 the	amount	of	oleic	acid	on	 the	morphology	of	 the	
K2YF5		
As mentioned above, oleic acid was speculated to play an important role in 
the orthorhombic phase K2YF5:Yb/Er(18/2 mol%) nanocrystal growth and 
shape evolution. The effect of oleic acid on the nanocrystals synthesis was 
explored with other experimental conditions (12 mL ODE, 270 oC, 6 h) fixed. 
These corresponding results were shown in Figure 4.5 and 4.6.  
The results of XRD analysis shown that the nanocrystals obtained under 
different amount of oleic acid all exhibit pure orthorhombic phase K2YF5 
(Figure 4.5). But the morphologies of the K2YF5:Yb/Er(18/2 mol%) 
nanocrystals can be strongly affected by the amount of oleic acid in the 
reaction solvents. From TEM images in Figure 4.6a-c, it can be observed that 
with the amount of oleic acid in the solvent increased, the morphologies of the 
K2YF5:Yb/Er(18/2 mol%) nanocrystals changed from nanobelts to 
nanoparticles. In 1 ml of oleic acid, the morphology of all of the nanocrystals 
are nanobelts (Figure 4.6a). When the amount of aleic acid was increased to 2 
mL, we can get few nanobelts (Figure 4.6b). Then, in 3 mL of oleic acid, no 
nanobelt forms, the morphology of all of the nanocrystals are nanoparticles 
(Figure 4.6c). The results clearly indicate that the morphology control in this 
approach is closely related to the application of oleic acid as capping 
surfactant, since the amount of oleic acid is the only parameter which was 











Figure 4.5 XRD results of the K2YF5:Yb/Er(18/2 mol%) nanocrystals obtained under 











Figure 4.6 TEM images of K2YF5:Yb/Er(18/2 mol%) with different magnifications 
synthesized under different amount of OA: (a) 1 mL; (b) 2 mL; (c) 3 mL. Other experimental 







Under 980 nm CW diode laser excitation, visible UC luminescence of 
K2YF5:Yb/Er(18/2 mol%) nanobelts sample can be easily observed by the 
naked eyes. The corresponding UC emission spectrum (shown in Figure 4.7a) 
consisted of three main separated visible luminescence bands: 520 and 540 nm 
green luminescence which are attributed to the transitions of 2H11/2 → 4I15/2 and 
4S3/2 → 4I15/2 in Er3+ ions, and 647 nm red emission corresponded to the energy 
level transition of 4F9/2 → 4I15/2. The green-to-red upconversion emission 
intensity ratio, fg/r is about 0.5. The 410 nm purple luminescence generated 
from 2H9/2 → 4I15/2 transition is much weaker than green and red emissions.  
It is well known that the relation UC emission intensity and the incident 
excitation power can be expressed as following:[14] 
IUC ∝ Pn 
where IUC is the fluorescent intensity, P is the excitation power density of 
pump laser, and n is the number of the photons required to produce the 
upconversion photoluminescence. The number of pumping photons n can be 
determined from the slope of the UC emission intensity versus the laser 
excitation power in a double-logarithmic representation.[15] To further clarify 
the upconversion mechanism, the power dependent UC behavior of 
K2YF5:Yb/Er(18/2 mol%) core nanobelt sample was investigated. Figure 4.7b 
shows the double-logarithmic plots of the UC emission intensity (IUP) versus 
infrared pump-power (IIR) for the Yb3+/Er3+ co-doped K2YF5 nanocrystals. 
Obviously, the 4S3/2 and 4F9/2 emissions show different power dependencies 
due to their different excitation mechanisms. In the case of 4F9/2 → 4I15/2 (647 
nm) emission, the slopes of the linear fits of log(IUP) versus log(IIR) was 
determined to be 1.8, indicating a two-photon process. In the case of 4S3/2 → 
4I15/2 (524 nm) emission, the slope of the linear fits of log(IUP) versus log(IIR) 
was determined to be 2.3, indicating a two-photon process. The results reveal 





transfer are necessary to produce the red (647 nm) and green (540 nm) 
upconversion for K2YF5:Yb/Er(18/2 mol%) sample. 
It should be noted that the Yb3+ in the host lattice as a sensitizer makes a 
significant contribution to the UC emissions since Yb3+ can strongly absorbs 
the excitation energy and then transfers the energy to the activators, such as 
Er3+ and Tm3+.[16] Using Dieke energy-level diagram, the UC process of 
K2YF5:Yb/Er(18/2 mol%) was investigated (Figure 4.7c). For the green light 
emission, the UC process occurs consists of two steps. First, Yb3+ ions were 
excited by the 980-nm NIR photon energy from the ground state (2F7/2) to the 
excited state (2F5/2) via ground state absorption. Then, the energy was 
transferred to the activator Er3+ to excite it from ground state (4I15/2) to the 
excited state (4I11/2) via energy transfer [2F5/2(Yb3+) + 4I15/2(Er3+) → 2F7/2(Yb3+) 
+ 4I11/2(Er3+)]. In the second step, the Er3+ in the 4I11/2 was then further pumped 
to 4F7/2 excited state by another energy transfer process [2F5/2(Yb3+) + 
4I11/2(Er3+) →. 2F7/2(Yb3+) + 4F7/2(Er3+)]. Followed by a multi-phonon 
relaxation process, Er3+ lost part of its energy from excited state 4F7/2 to lower 
excited state 2H11/2 and 4S3/2, then radiatively returned to ground state 4I15/2, 
emitting green light centered at 520 and 540 nm. The red light (647 nm) 
emission is generated from the transition of 4F9/2 → 4I15/2. The 4F9/2 level can 
be pumped via multiphonon relaxation from upper levels (4F7/2). In some cases, 









Figure 4.7 (a) Room temperature UC emission spectra of K2YF5:Yb/Er(18/2 mol%) core and 
K2YF5:Yb/Er(18/2 mol%)@K2YF5 core-shell nanobelts under 980 nm excitation. (b) Double-
logarithmic plot of the up-conversion emission intensity versus the pump power of 
K2YF5:Yb/Er(18/2 mol%) core nanobelt sample. (c) The energy diagram of the Yb3+ and Er3+
dopant ions and the possible UC mechanisms under the excitation of a 980 nm excitation. The
full, dotted and dashed arrows represent emission, energy transfer and multi-phonon 
relaxation processes respectively.The experimental conditions are:270 oC, 1 mL OA, 12 mL





4.3.5 Optical	 properties	 of	 K2YF5:Yb/Tm(30/0.5	 mol%)	 core	 and	
core‐shell	nanobelts	
In this section, the upconversion luminescent properties for Yb3+ and Tm3+ 
codoped K2YF5 samples were studied. Under 980 nm CW diode laser 
excitation, bright blue UC luminescence of K2YF5:Yb/Tm(30/0.5 mol%) 
nanobelts sample was observed. The UC emission spectrum (shown in Figure 
4.8a) contains three separated luminescence bands: 479 nm blue emissions, 
650 nm red emissions and 800 nm NIR emission which are attributed to the 
transitions of 1G4 → 3H6, and 1G4 → 3F4, and 3H4 → 3H6 in Tm3+ ions. It can be 
seen that the 800 nm NIR upconversion emission is dominant in the 
upconversion spectrum. In order to further resolve the energy transfer up-
conversion mechanism, the power dependent UC behavior is investigated. 
Figure 4.8b shows the double-logarithmic plots of the UC emission intensity 
(IUP) versus infrared pump-power (IIR) for the Yb3+/Tm3+ co-doped K2YF5 
nanocrystals.  
As shown in Figure 4.8b, we can easily assign the 479 nm (blue), 650 nm 
(red) and 800 nm (NIR) emissions emission bands into different multi-photon 
transition processes. In the case of 3H4 → 3H6 (800 nm) NIR emission, the 
slopes of the linear fits of log(IUP) versus log(IIR) was determined to be 1.7, 
indicating the population of 3H4 level is via two-photon process. In the case of 
1G4 → 3F4 (650 nm) red and 1G4 → 3H6 (479 nm) blue emission, the slopes of 
the linear fits of log(IUP) versus log(IIR) was determined to be 2.7 and 2.9, 
respectively. The results reveal that the blue emission at 479 nm and red 
emission at about 650 nm are generated by three-photon processes. ETU 
process with fewer excitation photons involved is relatively easier to be 
achieved, that explains why the 800 nm NIR emission, with a small anti-stocks 
shift of ~180 nm, is much stronger than the red and blue emission in Tm3+.  
In addition, the effect of shell coating on the UC emission properties of Er3+ 
was studied. From Figure 4.8a we can see that compared with 
K2YF5:Yb/Tm(30/0.5 mol%) core, the emission intensity was increased about 





formation could remarkably reduce nonradiative decays by decreasing the 
nonradiative centers existing on the surface of the nanocrystals.[18] 
Using Dieke energy-level diagram, the UC processes of 
K2YF5:Yb/Tm(30/0.5 mol%) was discussed (Figure 4.8c). The upconversion 
emission centered at 800 nm is generated by a two-step energy transfer from 
Yb3+ to Tm3+. Firstly, under the excitation of a 980-nm CW laser, the electrons 
in the ground state 3H6 of Tm3+ are excited to excited state 3H5, followed by 
nonradiative relaxation from 3H5 to 3F4. Then, the excited Tm3+ ions in 3F4 are 
further excited to 3F3,2 states and then non-radiatively relax to the 3H4 state. 
Consequently, the electrons come down to the ground state (3H6) by a 
radiative transition process, which is accompanied by 800 nm emission. The 
energy transfer from another neighboring excited Yb3+ ion to the Tm3+ ion in 
the 3H4 state can populate the electrons to the 1G4 state of Tm3+ via energy 
transfer[2F5/2(Yb3+) + 3H4(Er3+) → 2F7/2(Yb3+) + 1G4 (Tm3+)]. And then the red 
(650 nm) and blue (479 nm) emissions are produced by radiative transition 








Figure 4.8 (a) Room temperature UC emission spectra of K2YF5:Yb/Tm(30/0.5 mol%) core 
and K2YF5:Yb/Tmr(30/0.5 mol%):K2YF5 core-shell nanobelts under 980 nm excitation. (b) 
Double-logarithmic plot of the up-conversion emission intensity versus the pump power of
K2YF5:Yb/Tm(30/0.5 mol%) core nanobelts. (c) The energy diagram of the Yb3+ and Tm3+
dopant ions and the possible UC mechanisms under the excitation of a 980 nm excitation. The
full, dotted and dashed arrows represent emission, energy transfer and multi-phonon 
relaxation processes respectively.The experimental conditions are: 270 oC, 1 mL OA, 12 mL






In this chapter, we explored the preparation and optical property studies of 
1-D upconversion material. Orthorhombic-phase K2YF5 nanobelts doped with 
upconverting lanthanide ions were successfully synthesized by a modified 
solution-based method. Monodisperse K2YF5:Yb/Er(Tm) nanobelts or 
nanodots can be readily obtained by varying the oleic acid in solution and 
reaction time. It appeared that the optimal conditions for lanthanide-doped 
K2YF5 nanobelts were 1 mL oleic acid, 12 mL 1-octadecene and reaction at 
270 oC for 6 h. The as-synthesized lanthanide-doped K2YF5 nanobelts show 
intense upconversion emissions upon NIR laser excitation at 980 nm. With the 
inert K2YF5 shell coating, the upconversion luminescence intensity of core-
shell structured nanobelts is largely improved. In the future, this 1-D 
upconversion materials is hopeful to be used in biological sensing, anti-
counterfeiting and optical wave-guide applications.  
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In this dissertation, a series of novel lanthanide-doped upconversion 
nanostructures, including K2YF5 nanobelts, Nd3+-doped NaGdF4 core-shell-
shell nanoparticles and Er3+-doped NaYF4 nanoparticles have been developed 
via well-established coprecipitation methods. The optical properties of these 
nanostructures have been systematically studied by using different excitation 
wavelengths, for example, 980-, 800- and 1532-nm continuous-wave lasers 
have been employed for excitation of Yb3+-, Nd3+-, and Er3+-sensitized 
nanostructures.  
In Chapter 2, considerable efforts have been devoted to optimize the 
upconversion emissions of lanthanide activators without long-lived mediated 
states, including Tb3+, Eu3+, Sm3+ and Dy3+. In general, two kinds of schemes 
active core and active shell design have been applied and compared. The 
experimental results suggest active shell design is more effective in generating 
upconversion luminescence of the above-mentioned activators. This argument 
is further supported by the fact that the active shell design can even provide 
access to the upconversion emissions of Sm3+ and Dy3+. The active shell 
design in core-shell-shell nanoparticle can provide new insight into enhancing 
upconversion of lanthanide-doped nanoparticles – the interfacial area between 
core and active-shell is crucial for energy transfer.  
In Chapter 3, attempts have been made to synthesize Er3+-doped NaYF4 
nanoparticles and to study the optical properties of these nanoparticles under 
excitation at 1532 nm. Maximal upconversion emission was observed for 
NaYF4:Er(10 mol%)@NaYF4:Er(0.5 mol%) core-shell nanoparticles with a 
relative emission of green-to-red of 1.2. Note that the color output the 
nanoparticles can be controlled by doping other lanthanides, for example Yb3+ 





upconversion nanoparticles may be enriched by using a combination of 
different excitation wavelengths. 
Finally, one-dimension lanthanide-doped orthorhombic-phase upconversion 
K2YF5:Yb/Er (Tm) nanobelts have been successfully synthesized in the 
presence of oleic acid as chelating agent by taking advantage of high-
temperature synthesis (270 oC). The chelating agent has the ability to control 
the length of the nanobelts. It should be noted that the nanobelts can give rise 
to intense upconversion emissions under excitation of a 980-nm continuous-
wave laser. As-prepared upconversion nanobelts may find applications in the 
field of anti-counterfeiting or paper-based sensing due to the ease of formation 
of homogeneous nanobelt film in different kinds of substrate. 
Over the past few decades, impressive progress has been achieved in the 
field of upconversion nanoparticle research, but the investigation on the 
nanoparticles is still in its infancy. Several fundamental issues should be 
addressed before the widespread utilization of such tiny optical materials in 
practical field. 
i) Due to the spin-forbidden nature of intra-4f transition of lanthanide 
ions, the upconversion efficiency of the lanthanide-doped 
nanoparticles is still relatively low (less than 7.6%). Recent research 
advance indicates that exquisite modification of host lattice may be 
effective in enhancing upconversion efficiency by trapping 
excitation energy within sublattice-clusters to minimize energy loss. 
ii) Despite the attractiveness of utilization of upconversion 
nanoparticles in the field of bioimaging or biolabeling, the strong 
absorption of water molecules at 980 nm raises the problem of 
overheating. The use of Nd3+-sensitized nanoparticles under 
excitation of 800 nm are promising to address the overheat issue. 
However, the upconversion efficiency of Nd3+-doped nanoparticles 
under excitation at 800 nm is much lower than that Yb3+-sensitized 
nanoparticles upon excitation at 980 nm. How to synthesize bright 
upconversion nanoparticles under excitation at 800 nm is a daunting 
challenge needed to be addressed.  
iii) Standard characterization procedure for upconversion nanoparticles 





efficiency of lanthanide-doped nanoparticles have been reported 
recently. However, it is difficult to compare these reported data as 
the optical properties are highly dependent on the characterization 
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